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Abstract
This thesis describes the development and validation of a finite element model of a
commuter aircraft seat under crash loading. In particular, this effort has developed an
LS-DYNA model of a Beechcraft 1900C low back passenger seat.
Although air travel is one of the safest forms of transportation, crash-related fatalities
do occur even in relatively low severity crashes. Many of these fatalities can be traced to
the inability of production seats to absorb crash energy. The goal of this research effort is
to develop a computational model of a production aircraft seat as a first step towards the
development of more crash-survivable aircraft seats.
The processes by which a finite element model of a low seat-back version of a
Beechcraft 1900C passenger seat was created and tested are described in detail. The
Beechcraft seat was thoroughly analyzed, a solid model was constructed using the
SolidWorks modeling tool, and a mesh model was built from the solid model using the
HyperMesh code.
The model was first validated against the results of three drop tests conducted in the
Rowan drop tower. The model was then validated against a full fuselage drop test of a
Beechcraft 1900C, conducted by the FAA. The model was shown to be an excellent
predictor of pelvic acceleration. Reasonable agreement was observed between numerical
simulation and experiment for all tested body regions; pelvic, chest, and head body
regions. With further refinement, the model will serve as a promising computational tool
for the future development of energy absorbing aircraft seats.
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1. Background & Motivation

1.1

Fatalities

1.1.

Frequency

The number of fatalities from passenger aircraft, airliners and commuter jets, varies
radically from year to year. While in some years there are fewer than a hundred deaths
(46 fatalities in 1998), the industry must confess much worse years containing hundreds
of deaths (e.g. 457 fatalities in 1996 and 639 in 1985). The average number of deaths
from passenger aircraft over the last ten years is about two hundred seventeen (217),
down from slightly less than two hundred fifty (250) over the last twenty years. These
numbers represent a very small portion of the total number of deaths by accidental injury,
roughly one ten-thousandth (0.01%) of all the annual deaths in the U.S. [Anderson,
2002].

1.1.2

Aircraft Classification

There are several different ways to classify aircraft. The government's Code of
Federal Regulations (CFR) Title 14 provides perhaps the most sophisticated method of
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classification. Aircraft classification is defined mainly by usage, but also by capacity and
weight. Aircraft are categorized by the specific "parts" of CFR Title 14 that declare the
definitions. Example: The definition of what is known as an "airliner" is found in CFR
Title 14, Part 121; so these aircraft are called "airliners" or "Part-121 aircraft".
"Airliner" is a general term used to describe aircraft operating under CFR Title 14,
Part 121; it applies to major airlines and cargo carriers that fly large passenger and
transport-category aircraft. Airliners encompass aircraft such as the Boeing 747 and
smaller aircraft like the Beechcraft 1900C. "Commuter jet" is another general term used
to describe aircraft operating under CFR Title 14, part 135; it applies to small aircraft
with passenger capacities of 9 or less and also to transport-category aircraft with payload
capacities of 7,500 pounds or less. All aircraft that carry passengers for commercial
flights operate under one of these two parts. The combination of airliners (Part-121
aircraft) and commuter jets (Part-135 aircraft) will be referred to as "passenger aircraft"
hereafter.
Another category of aircraft operates under CFR Title 14, Part 91; commonly
referred to as "general aviation". This part refers to all aircraft excluding commercial
airline operation and military aviation.

1.1.3

Compared to Other Forms of Travel

Passenger aircraft typically account for a small percentage of the total travel-related
fatalities. Figure 1-1 illustrates the breakdown of U.S. fatalities from motor transport.
Motor Vehicle Traffic refers to all land motor transport requiring registration with the
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Division of Motor Vehicles. At less than half of one percent of all transportation-related
deaths, the number of fatalities due to passenger aircraft would be insignificant if the
subject was not human lives. These statistics should make any frequent air traveler feel
safer in the air than on the road.

Annual U.S. Fatalities from Motor Transport
(Average Over Last 10 Years)

Recreational

43,919 Total
Fatalities

2,651 Non-Motor Vehicle
Traffic Fatalities

217 Fatalities
from Airliners and
Commuter Jets

Figure 1-1. Annual U.S. fatalities from Motor Transport

However, one must also take into account the annual mileage of the various modes
of transportation. While Motor Vehicle Traffic accounts for such a high percentage of
fatalities, it is also responsible for the highest level of the country's mobility. Cars,
trucks, buses, and other motor vehicles travel farther each year than all the country's
airliners and commuter jets combined. Figure 1-2 shows the relative mileage by vehicle
miles and passenger miles of some of the country's modes of transportation. Figure 1-2
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uses a logarithmic scale owing to the large difference in mobility between the various
transport types.

U.S. Vehicle and Passenger Miles by Transport Type
(average over last 10 years)
Airliners and
Commuter Jets
General
Aviation
Motor Vehicle
Traffic
1 Thousand

1 Million

1Billion

1 Trillion

Miles Traveled
Figure 1-2. Mobility of U.S. Motor Transports

When the number of fatalities of the various modes of transportation is compared
based on vehicle miles, Motor Vehicle Traffic does not appear to be the predominant
cause of fatalities. Airliner and commuter jet fatalities occur about 2.6 times as
frequently as Motor Vehicle Traffic fatalities when compared using vehicle miles.
However, another quantity, passenger miles, shows that the large number of passengers
typical to a passenger aircraft makes aviation safer than automobiles. Figure 1-3 shows
only the number of fatalities based on mileage of Motor Vehicle Traffic and passenger
aircraft, because general aviation and all other modes of transport are either very high in
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comparison or contain mixed data. Motor Vehicle Traffic has a fatality rate about 25
times higher than passenger aircraft.
These statistics not only permit comparison of various fatality statistics for U.S.
motor transports, but they also give a good idea of the relative use and safety regulation
of the various transport types. Motor Vehicle Traffic, the clear leader in terms of the
country's mobility, carries travelers 10 times farther than all the country's passenger
aircraft. However, Motor Vehicle Traffic accounts for over 240 times the number of
fatalities. Looking at the fatality rates based on passenger mileage, one can see that
safety is stronger in passenger aircraft when compared to road vehicles. The intensive
training of aviators compared to MV traffic drivers is undoubtedly another strength of
safety in passenger aircraft.

U.S. Motor Transport Fatalities based on Mileage
(average over last 10 years)

(I)

35

E

3

CL)
4WiC(U

2

a)
>1T 0

Motor Vehicle Traffic

Airliners and Commuter Jets

Figure 1-3. U.S. Motor Transport Fatalities Based on Relative Mobility
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Although passenger aircraft produce far less fatalities than most other forms of
transportation, safety will be a concern of the Department of Transportation until a zerofatality rate is achieved. This project follows the same direction of concern in the sense
of contributing to the safety of aircraft passengers. This project and its conclusions are a
relatively small investment in passenger safety, compared to all the billions of dollars
spent in highway safety.

1.2

The Kegworth Crash

The FAA classifies aircraft accidents as fatal or non-fatal events. As the name
implies, an accident is classified as fatal if it results in at least one fatality. The terms
"survivable crash" is defined as an accident in which the various accelerations of the
fuselage do not exceed the maximum values listed in the CFR. Therefore, accidents are
not classified as survivable, because the definition is more conceptual than something
measured and recorded. Also, a survivable crash could have no fatalities, some fatalities,
or total fatalities; however in practice, the term is most often used to describe a crash with
some fatalities.
A study of survivable crashes shows that fatalities usually occur in the most damaged
area of the aircraft's hull, as would be expected. An aircraft whose midsection comes
apart in a crash will usually show more survivors concentrated near the front and rear of
the passenger compartment and more fatalities concentrated in the midsection. A small
percentage of survivable crashes involved survivors and fatalities scattered throughout
the passenger compartment in a somewhat random fashion with no obvious explanation.
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Perhaps one of the most notable crashes of this type was the Kegworth crash, which
occurred near Kegworth, Leicestershire (United Kingdom) in January of 1989. The
Kegworth crash is frequently cited as an example of a severe, but survivable, crash. The
plane broke apart on impact, but did not catch on fire. Of the aircraft's 125 occupants,
there were 47 fatalities; 39 of which died at the scene [Carter et al, 1994].
This crash is distinguished by a few noteworthy events. The dual engine 737-400
was experiencing problems with the left engine, which was still semi-operable. As the
pilot brought the plane in for an emergency landing, the right engine was accidentally
shut off (instead of the malfunctioning left engine) causing the damaged left engine to
stall from the added strain. The jet crashed into the Ml motorway in a two-part collision
that broke the aircraft into three pieces.
As seen in Figure 1-4, the front of the plane came apart near the front of the
passenger compartment and the tail of the plane bent upward near the rear of the
passenger compartment. A map of the aircraft showing fatalities and survivors was
unavailable. Many fatalities occurred in the two regions of major structural failure, yet
some passengers who were actually seated in the center of these areas survived.
Passengers throughout the passenger compartment suffered major injuries, even in areas
with little or no structural failure.
Most of these 47 fatalities received varying degrees of head, neck, abdominal, and
spinal injuries; survivors with similar injuries were much less common. The reason for
such a solid distribution of injuries goes largely unexplained in the accident report and
there are no substantial explanations for the large number of such injuries. However, a
QMC (Queens Medical Centre) doctor, Professor Agnus Wallace, conducted a 5-year
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investigation and claimed that most of the injuries came about by passengers not adopting
the correct crash-brace position [Smith, 1992].

1.3

Current Regulation

All current aviation regulations are contained in the Federal Aviation Regulations
(FAR) found in CFR Title 14. Federal aviation regulations regulate every aspect of an
aircraft's safety, either directly or through design, from structural integrity to seat belt
comfort.
Select FAR documentation (such as CRF Title 14, sections 23.561, 23.562, and
23.785) suggests that airliners and commuter jets must pass two different crash tests. In
both tests, the aircraft's fuselage is configured with various accelerometers and
anthropomorphic test dummies (ATDs) before being subjected to a crash. In one test, the
fuselage is sped into a rigid wall, much like a head-on collision. In the other test, the
fuselage is lifted to a predetermined height and dropped onto a rigid surface. These two
tests are designed to test the aircraft's response to crash loading in the horizontal and
vertical directions [CFR, 2003].
The tests are specified in great detail by Federal Aviation Administration regulations.
The ultimate load on the aircraft's hull must exceed some minimum set of limits, one for
each of the four directions (forward, aft, up, and down). Furthermore, the ultimate load
must exceed these limits in a narrow time window. There are failure criteria for both
tests, which the aircraft must pass to be qualified. These failure criteria include limits on
the maximum acceleration in four directions (forward, aft, up, and down), limits on the
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head injury criteria (HIC) of the anthropomorphic test dummy, limits on the maximum
load on the anthropomorphic test dummy's pelvic load cell, and more.

Figure 1-4. Aerial Photograph of the Kegworth Crash Site

Researchers in the aircraft crash test industry have traditionally focused their interest
on the vertical drop test over the horizontal head-on crash test. In these vertical tests,
many aspects of the aircraft are tested, including seat and occupant safety.

1.4

Drop Testing

One major form of crash testing is called drop testing; especially in the aviation
industry. As the name implies, an aircraft fuselage is lifted off the ground and dropped
10
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onto a hard surface such as hardwood or concrete. The fuselage is usually instrumented
with various high-frequency measurement devices, such as accelerometers and load cells,
which are attached to different members such as seats, seat tracks, structural beams, and
even the drop test platform on which the fuselage lands during the test.
The automotive industry runs hundreds of crash tests each year. Drop tests in the
aviation industry are conducted less frequently, owing mainly to the cost of a typical drop
test. A single large drop test typically exhausts the resources of an entire group of
experimenters for the year. The combined costs of supplies, tests equipment, and
researchers would make frequent drop testing prohibitively expensive. Typical test
platforms are shown in Figure 1-5 and Figure 1-6. Cheaper, computer tests could provide
an alternative to the traditional, real-life crash/drop tests.

Figure 1-5. FAA Drop Test Platform; Pleasantville, NJ
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1.4.1

Existing Data

Aircraft crash testing is a fairly new technique. Up until the late 1940's, crash
testing barely resembled the techniques that it has evolved into today. The military first
used test dummies in 1949 to be used in rocket sled experiments to test military aircraft
ejection seats. Crash testing was further developed in the 1950's during the industry's
revolution towards larger passenger aircraft commonly called jetliners. Over the last 20
years, computer aided crash testing has gradually grown in popularity contemporaneously
with computer power.

Figure 1-6. Vought Aircraft Test Facility; Dallas, Texas
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The FAA uses crash testing and drop testing mainly to set and improve upon
crashworthiness standards, while manufacturers are mainly concerned with testing for
design flaws or improving existing aircraft designs. The FAA's Dynamic Vertical Drop
Test Facility (shown in Figure 1-5), located at the FAA William J. Hughes Technical
Center, is used to obtain the empirical data needed to set crashworthiness standards and
to obtain other crashworthiness data. This data is used to assess the impact response
characteristics of airframe structures, seats, overhead stowage bins, auxiliary fuel tanks,
and the potential for occupant impact injury.
The drop test facility is geared towards testing commuter category jets. It is
comprised of two 50-foot vertical steel towers connected at the top by a horizontal
platform. An electrically powered winch, mounted on the platform, is used to raise or
lower the aircraft fuselage. The current lifting capacity of the winch is about 13,600
pounds. The platform rests on I-beams and is supported by 12 independent load cells,
which are used to measure the fuselage impact on the platform.
The FAA has conducted four full-scale drop tests at this facility over the last 10
years, including the test performed in July 2003. Data collected from these tests will be
used to improve standards for seats, overhead stowage bins, and auxiliary fuel tanks.

13

Chapter 1: Background & Motivation

1.5

Finite Element Analysis

1.5.1

Computer-basedFinite Element Model Benefits

As mentioned earlier, drop tests can be very expensive; too expensive to allow for
the repeated testing required for large improvements in crash safety. Computer-simulated
tests, specifically those using finite element modeling, have a few advantages over a real
crash/drop test.
*

Computer simulations are much cheaper than a real drop test. Computer
simulations do not require a test facility or any test equipment.

*

Computer simulations are fast. A single engineer can conduct a computer
simulation much quicker (hours or days) than a physical test can be setup
(months).

*

Computer simulations are quickly adaptable. If the simulation uncovered a
problem with the design, the design could be adapted and re-tested quickly.

*

Computer simulations can mimic observed crash scenarios, which might be hard
or impossible to duplicate in a real test.

*

Computer simulations can model structures that do not exist. A design could be
tested many times before actually being built or set into production.
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1.5.2

FEA versus Drop Testing

Finite element computer simulations do have one major drawback: they will never be
able to describe their real life test equivalents with perfect accuracy. There exists a
chance that a model of a system, even one with relatively simple geometry, could yield
results that vary from the real test scenario. Computer models must be validated against
real world tests. Hence, the development of credible computer models requires
experimental testing. Once validated, the computer model can be used with confidence at
many conditions other than those tested.
Finite element analysis has traditionally been used as a verification or troubleshooting tool. Perhaps the best way to use computer simulations is as a pre-test reference
tool. Running a series of cheap, fast, computer simulations may reveal design flaws
before any drop tests or even before the entity is built. Once the finite element
simulations seem to produce passable results, the entity could be tested at a facility using
traditional methods. This system has the potential to reduce the number of design
iterations and save an organization time and money.

15

2. Model Development Approach

This section describes the method used to create the finite element model, following
the entire process from start to finish. Listed below is a brief outline of the model
development approach.

1) Seat Selection
2)

Seat Teardown

3)

Geometric Model Formation (creation of solid model using SolidWorks)

4)

Development of Finite Element Model (using HyperMesh)

5)

Model Simulation (simulation of finite element model using LS-DYNA)

2.1

Seat Selection

The first task in the project was to select the aircraft seat for the modeling and testing
effort. In consultation with the FAA, the seat was selected according to the following
criteria:
1) Performance of the seat in previous tests.
2) Availability of the seat for additional testing.
3) Modeling considerations.

16
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A total of five seats, of any one type, would be required for this project. One seat
would be devoted to developing the computer model, three seats would be allocated to
the drop tower tests, and the last seat would function as a reference or spare seat.

2.1.1

Seat Performance in Previous Test

The FAA and Rowan University considered two different approaches when selecting
the reference seat. One approach, the worst-case approach, would select a seat that had
been shown to be particularly poor at protecting the passenger from injury in a crash.
The alternative, the best-case approach, would select a seat that was already in production
and had been shown in FAA tests to be particularly effective in protecting the passenger.
As the longer-term goal of this modeling exercise is to study improvements to production
seats, the FAA and Rowan believed that the better approach was to model the better seat.
Our belief was that a better performing production seat would serve as an excellent
starting point for future design improvements.
Previous FAA full-scale fuselage drop tests had shown that Beechcraft 1900C
commuter aircraft seats were particularly effective at protecting passengers in severe, but
survivable crashes. The FAA tested two versions of the Beechcraft 1900C passenger
seat: a high seat-back version (sometimes referred to as the Beechcraft blue seat) and a
low seat-back version of the seat (sometimes referred to as the Beechcraft brown seat).
Before this project began, Rowan University performed 0.5-meter drop tests of both seats
with an instrumented dummy and found that the low seat back version of the seat resulted
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in lower lumbar loads. The Beechcraft low-seat back version appeared to be a good
candidate for the research program.

2.1.2

Availability

The project was expected to require a total of five seats of any one type. One seat
would be reserved for teardown during geometric modeling of the seat and three to four
seats would be needed for the drop tests. The plan was to select our seats from the FAA
Technical Center inventory rather than incur the cost of purchasing new seats. Many of
the seats considered during the seat selection period were not available. At the time of
the seat selection, the FAA Technical Center had one PTC seat, five Beechcraft high back
seats, and five Beechcraft low back seats. The FAA provided all seats to Rowan
University. Sufficient seats were available to proceed with the either the Beechcraft high
back or the low back version.

2.1.3

Modeling Considerations

As discussed earlier, the computer model was validated against the results of FAA
full-scale fuselage drop tests and a series of drop tests conducted at the Rowan Drop
Tower. Our plan was to validate the model against both the test instrumentation
measurements and against post-test physical measurements of seat deformation.
Consequently, it was important to select a seat that incurred a measurable deformation in
a crash, but did not suffer complete structural collapse.
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In vertical drop tests performed by the FAA, standard Beechcraft seats (high seatback and low seat-back) exhibited these characteristics. The backs of these seats were
frequently rotated backward from the impact, and had failed in most cases. Although the
seat back failed in these tests, the seat pan support structure suffered a modest, but
measurable, deformation at the seat connection to the sidewall.

2.1.4

Selection

At the direction of the FAA, a Beechcraft 1900C low back passenger seat was
chosen as the reference seat for the modeling and testing effort. Earlier impact tests had
shown that this version of the Beechcraft 1900C seat was particularly capable of
protecting the passenger from excessive lower lumbar loads. The FAA also had
sufficient numbers of this seat for drop testing. Figure 2-1 shows a photograph of the
Beechcraft 1900C low back passenger seat.
The high back seat's frame is almost identical to the low back seat's frame with the
exception of an added armrest linkage in the high back seat's frame. Data from the
FAA's full-fuselage drop tests is available for both types of seat.

2.2

Seat Teardown & Measurement

Development of the finite element model requires a very detailed geometric
description of the seat structure. To obtain this description, our approach was to perform
a complete teardown, disassembly, and measurement of one of the seats. In addition,
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coupons were cut from this seat to determine constitutive properties of the seat structure
material. The teardown process was, of course, destructive, and this seat was no longer
available for testing after teardown. However, we had reserved four additional seats for
the actual drop tests. The disassembled seat was used for measurement and inspection
while the reserved seats would remain untouched for any non-intrusive processes that
required the observation or use of a complete seat.

Figure 2-1. Standard Beechcraft low back seat
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2.2.1

Canvas & Padding

As shown in Figure 2-2, the canvas seat covers on the seat-base and the seat-back
were attached via Velcro strips to their respective frame parts. They were removed by
hand, as was the foam padding underneath the canvas seat covers. The seat contained a
fabric-like seat pan in the seat-base and another in the seat-back. These seat pans were
adhesively bonded to their respective frame parts and were removed with a razorblade.
In most places, the Velcro strips were attached to the seat pan and back pan, not directly
to the seat frame. A cutaway of the seat pan can be seen in Figure 2-3.

2.2.2

Frame

Figure 2-4 shows the seat frame with all fabric removed. The bare frame of the
reference seat consisted of four main components. These parts were named seat-base,
seat-back, leg-bar, and stabilizer-bar. The seat-base, shown in Figure 2-5, is a square
frame that the passenger sits directly on top of and contains two side-mounting pegs. The
seat-back, shown in Figure 2-6, is the frame under the back of the seat and is free to
rotate on two bolts. The leg-bar, shown in Figure 2-7, contains the two floor-mounting
pegs and is free to rotate on two bolts. The stabilizer-bar, shown in Figure 2-8, is free to
rotate on two bolts and ends with a notch. The leg-bar and the stabilizer-bar both fold up
under the seat-base for storage. A small fin on the leg-bar fits into the notch on the
stabilizer-bar for setup. The entire frame is covered by a thick, gray paint.
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Figure 2-2. Seat Bottom Cushion with Covering Removed

Figure 2-3. Cutaway of Seat Bottom Cushion showing Seat Pan
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Figure 2-4. Seat Frame with one segment base removed for material testing
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Figure 2-5. Seat-base frame

Figure 2-6. Seat-back Frame
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Figure 2-7. Leg-bar Frame

Figure 2-8. Stabilizer-bar Frame
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These four parts were disassembled by removing the six bolts. The bolts have small,
painted nuts on them, making it necessary to use pliers for removal. There are also two
small washers, one on both ends, on each bolt.

2.2.3

Mounting Pegs

There are four identical mounting pegs in the frame, two connected to the seat-base
and two connected to the leg-bar. Each mounting peg consists of a rigid part that is
pinned to its respective frame part and attaches to the mounting rail in the airplane. Each
mounting peg also has a sliding, spring-loaded cap that aligns the rigid part on the
mounting rail.
All four of these pegs were removed from the two frame parts that they were
attached to. One of these pegs was disassembled further, into the two components
mentioned above, in order to make all necessary measurements.

2.2.4

Measurement of the Frame Internal Geometry

The frame consists of tubular members with the exception of the mounting brackets
on the seat-base for the three other frame parts and the fin on the leg-bar. All sub-parts
are welded together. Inner diameters of certain tubular beams could not be determined
from external inspection. A piece of the frame tubing was removed to allow
measurement of the beam's wall thickness and inner diameter.
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2.2.5

MaterialProperties

The large piece that was removed from the seat-base for measurement purposed was
used to determine the material of the frame. The paint was removed from this piece and
it was weighed. The volume was calculated from its dimensions. The material's density
matched the density of steel almost exactly, so it is assumed that the frame is made of
steel. Additionally, the sample was found to be attracted to a magnet; which is consistent
with a ferromagnetic material such as steel.

Geometric Model Formation

2.3

2.3.1

3D Model

Measurements of part dimensions were taken as needed and entered into
SolidWorks, a 3D CAD modeling program. Units were entered in inches, to the nearest
thousandth of an inch. The model was drawn with a relatively large amount of detail to
reduce the error due to differences between the real-world seat and the computer-model
seat. The detail is also used to increase the visual fidelity of the computer-model seat for
later comparison with the actual seat.
The four frame parts, two pieces of a mounting peg, and a bolt were all drawn in
SolidWorks. The two pieces of the mounting peg were assembled in the mounting peg
sub-assembly, which is used four times in the model. The bolt is used six times in the
model.
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As shown in Figure 2-9, the solid model of the seat's frame was assembled using all
four main parts, six bolts, and four mounting peg sub-assemblies. The entire assembly
can be attached to two mounting rails and a mounting base (also drawn using
SolidWorks). The rails were drawn to match the Beechcraft mounting rails that the
standard Beechcraft seats attach to. The mounted assembly, shown in Figure 2-10, is
used to give the reader a better idea of how the seat attaches to the mounting rail and the
airplane itself.
For a brief description of the design procedure, refer to Appendix B: Design
Techniques and Strategies, section B. 1, and also to the reference CD.

2.3.2

Conversion to Shell Model

After initial runs using the HyperMesh meshing program, it was determined that the
geometry in SolidWorks would have to be created using surfaces, rather than extruded
solids. As described in the next section, this type of geometry is more compatible with
the shell elements to be used in the LS-DYNA simulation.
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Figure 2-9. Geometric Model of the Reference Seat
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Figure 2-10. Mounted seat

Modification of the SolidWorks model from 3D geometry to surface geometry was
accomplished by reducing all solid extrusions to shell extrusions. In the few places
where disjoint geometry became a problem, the model was altered in the slightest way
possible to reduce the overall effect on the outcome of the drop test simulation. Some
important examples include:
*

The mounting fins had to be narrowed to contact the seat-base frame without a
weld.

*

The position of the fin on the leg-bar had to be moved slightly to contact the
forward main support member.

*

The bolts were changed into tubes to act as a sliding contact between parts of the
model.
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*

The mounting pegs were also changed into tubes with a diameter and thickness
selected to match the moment of inertia of part of the original mounting peg.

It was assumed that the bolts would not fail during any particular drop test. While
this assumption may not be justified for airplane seats in general, past drop test results
suggest that it is a good assumption for both the high back and the low back Beechcraft
seats. All the bolts are in locations where bending (of the bolts) is not a major concern.
For these two reasons, the tube bolt was not specifically designed to match the original
bolt in terms of maximum shear stress or moment of inertia. Each bolt is modeled as a
semi-rigid tube that ends up functioning as a sliding contact with other parts of the model.

Aounting Cap

Cross Section
Modeled

opD-

LJMOIU

es
-

Figure 2-11. Cross Section of Mounting Peg Modeled

The mounting pegs were also changed into tubes with a selected diameter and
thickness. Since our drop tests cannot include any possible deflections in the fuselage,
the ends of the mounting pegs will be assumed to be rigid as discussed in the next
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section. Furthermore, there is no evidence that the mounting pegs in standard Beechcraft
seats fail during survivable vertical drop tests. However, the mounting pegs do not
clearly display no bending in any previous drop test. For these reasons, the diameter and
thickness of the tube pegs were selected to match the moment of inertia (resistance to
bending) of the section of the mounting peg assumed most likely to bend. Most of the
mounting peg appears very structurally sound, so the section assumed most likely to bend
was the length of the screw, beneath the mounting cap, as shown in Figure 2-11.

2.4

Development of FE Model & Mesh Generation

Using the SolidWorks representation of the seat, a finite element mesh of the seat
was created using the HyperMesh code. HyperMesh is an industry-standard finite
element pre-processor and post-processor that that works seamlessly with LS-DYNA and
other finite element codes. The HyperMesh finite element mesh, along with boundary
conditions, loads and constitutive properties, was assembled into a comprehensive finite
element model for input to the LS-DYNA code.

2.4.1

Importing Geometric Modelfrom SolidWorks

SolidWorks can export/save IGES files from 3D land shell models. HyperMesh can
import IGES files as surface geometry. This is the main mechanism by which the model
was imported from SolidWorks into HyperMesh. The SolidWorks half of the process
was easily accomplished by saving the model as an IGES file. The HyperMesh process
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was slightly more involved, and required the user to name the input (IGES) file and the
translator. The user should click on the "file" menu (green button), highlight the
"import" tab, select "IGES.exe" as the translator, and select the appropriate input file.
The user should avoid importing SolidWorks assemblies directly using only one
IGES file. The mating information that SolidWorks uses to make the assembly is lost
when the model is saved as an IGES file. After HyperMesh imports the IGES file, the
parts are in their original, pre-mated positions and the model looks like a jumble of parts.
It is harder to move things around in HyperMesh than it is in SolidWorks and having all
those parts overlapping each other can be very confusing. For this reason, the parts were
imported and positioned one at a time. HyperMesh does not "mate" parts together; it
only moves geometry and is more like AutoCAD than SolidWorks in this sense.

2.4.2

PositioningParts

HyperMesh contains a tool called "position" which is extremely useful in moving
components into the correct configuration. The process of positioning a component
requires the creation of six temporary points called nodes. Two sets of three noncollinear nodes are required, one to define the initial position and another to define the
final position. Each node in the initial set is linked to a respective node in the final set.
All selected surfaces are moved according to these nodes.
Another important tool is the "rotate" tool. It is very helpful in positioning parts that
are free to rotate, such as the seat-back, leg-bar, and stabilizer-bar. Since HyperMesh
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does not mate parts like SolidWorks, it was necessary to rotate the leg-bar and the
stabilizer-bar several times in alternating succession to line up the fin with the notch.
All of the parts were placed into position using these two tools. First, the seat-base
was imported and then the frame was built around it.

2.4.3

Collectors

HyperMesh organizes everything in groups called "collectors". A HyperMesh file
may contain any number of collectors, but all things must belong to one of these groups.
There are different types of collectors, such as component collectors, property collectors,
and load collectors. Component collectors contain surfaces and elements, but they are
separable.
A separate collector was created for seat-base, seat-back, leg-bar, stabilizer-bar, each
of the six bolts, and each of the four mounting pegs. After each part was imported into
HyperMesh, a component collector was created for it and the component was assigned to
that collector. Parts are assigned to collectors using the "organize" command.

2.4.4

Meshing

HyperMesh offer a variety of elements and a variety of ways to create each type.
The basic four elements are shown in Figure 2-12. Elements can be created
automatically, in arrays, or even one at a time. Two important shell element types are the
four-node "quad" and the three-node "tria". Two important solid elements are the eight-
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node, six-surface brick (called "cube" despite the fact the sides are not necessarily equal)
and the four-node, four-surface tetrahedron (called "tetra").
In LS-DYNA, nodes connected to the basic solid elements (cubes and tetras) have
three degrees of freedom; they may translate in the x-, y-, and z-directions. Nodes
connected to the shell elements (quads and trias), however, have six degrees of freedom.
They may translate, but also rotate about the three axes. This inherent characteristic of
shell elements makes them a much better choice to describe bending than solid elements.

[
Solid: Cube

Shell: Quad
Solid: Tetra

Shell: Tria

I

_

Figure 2-12. Basic types of elements

The automatic mesh generation option is a powerful tool used to create complex
meshes of shell and/or solid elements. Shell elements can be automatically generated by
surface or group of surfaces by using the "automesh" command and selecting the
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surface(s), element size/density, and element type (quads or trias). Cube elements can be
created in rectangular regions in arrays. Tetra elements can be created automatically by
using the "tetramesh" command on a region already encompassed by trias.
Most of the elements in the model were created using the automesh command.
There were many places where the mesh had to be altered by hand, but, in most cases, the
automesh command was sufficient to build the mesh. It was important to build each part
separately so that each new set of elements can be properly placed into its respective
collector.

2.4.5

Solid Elements

Originally, it was decided that the model would be made from solid elements. Cube
elements would be used whenever possible and tetra elements would be used otherwise.
Figure 2-13 shows a single cube element and two different cube element meshes.
It was quickly realized that solid elements would be unsuitable for most (or all) of
the geometry of the model; owing to the large number of elements required to build the
model from solid elements. There are a few reasons why the number of solid elements
would be so high. As stated earlier, most of the deformations in the frame will result
from bending rather than tension or compression. In an LS-DYNA finite element model
simulation, it is necessary for a component to have a minimum thickness of three solid
elements to describe bending with any level of accuracy. The wall thickness of the seat
frame tube structure is very small; in places less than forty thousandths of an inch. These
tube walls would drive the required element size down to the range of ten thousandths of
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an inch. The resulting number of elements to represent a six-inch length of frame would
be on the order of 200,000.
The number of shell elements in the same six-inch section of tubular member
becomes closer to seven hundred. Taking all this into consideration, it was decided that
shell elements would be an acceptable alternative to solid elements.

Surface Only
Dense Solid Mesh
(2x5x1 0)

Solid Mesh
(1x2x4)
.

Figure 2-13. A single cube element and two different densities of cube meshes
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2.4.6

Shell Elements

Since most of the geometry is thin and of constant thickness, using shell elements is
the obvious choice. Shell elements typically require aspect ratios greater than 10:1 to
obtain acceptable levels of accuracy. Aspect ratio is basically a ratio of a part's length to
its thickness. Aspect ratio can also imply the other ideas, such as the ratio of a tubular
section's length to its diameter. The seat's frame exhibits larger aspect ratios almost
everywhere except for the tips of the fins around the bolt holes, where the aspect ratio is
closer to 6:1. Fortunately, that section of the frame does not appear to be particularly
susceptible to bending in a vertical drop test, owing to its vertical orientation. A tubular
surface meshed two different ways (using trias, then quads) is shown in Figure 2-14.
As mentioned earlier, nodes of shell elements have six degrees-of-freedom, unlike
solid elements. HyperMesh considers the x-, y-, and z-rotation of these nodes as well as
the x-, y-, and z-translation. This means that HyperMesh shell elements do not have to be
planar; they can be curved to fit the side of a cylinder or any other surface. It also means
that bending is accounted for automatically in the element formulation.

2.4.7

The Seat Model

The model components were further divided into sub-components to better organize
the large number of elements required. These sub-components are illustrated in
Appendix A: Part Drawings.
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Surface Only

I

Tria Shell Elements Quad Shell Elements
Figure 2-14. A tubular surface meshed two different ways, using trias and quads

The seat-base was divided into four sub-components, designated as base], basefin,
baseflange, and basemount. The base 1 is composed of the four main support beams of
the seat-base. The basefin represents the two mounting brackets for the seat-back. The
baseflange contains the four mounting brackets for the leg-bar and the stabilizer bar. The
basemount includes the two main mounting brackets that secure the entire seat frame to
the side-wall mounting rail. These two mounting brackets are short, bent, tubular beams
that protrude from the base 1.
The seat-back was divided into two sub-components, designated as backframe and
backbar. The backframe represents the main, U-shaped portion of the seat-back, while
backbar corresponds to the smaller support bar that connects near the two ends of the
backframe.
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The leg-bar was divided into three sub-components, designated as legbars,
legcrossbar,and legfin. The legbars represent the two main legs of the leg-bar, while the
legcrossbar corresponds to the smaller support bar that connects the two pieces of the
legbars. The small tab on the leg-bar, which is used to assemble the seat frame in its setup position, is represented by the legfin.
The stabilizer-bar was divided into two sub-components, designated as stabmain and
stabsupport. The stabmain represents the larger curved tube section of the stabilizer-bar
while the stabsupport represents the smaller straight tube section. The stabmain also
contains the assembly "notch" that attaches to the legfin when the entire seat frame is
assembled.
Each of these 11 sub-components, along with 6 bolts and 4 mounting pegs, was
given its own collector in HyperMesh, for a total of 21 original components in the seat
model assembly.
Spotwelds were used wherever it was necessary to join two parts together.
Spotwelds in HyperMesh are treated as rigid links between nodes; in other words, the two
nodes are treated almost as if they were one node. The two nodes in a spotweld share
forces, moments, and other stresses; and the model takes rotation into account. All of the
model's spotwelds are grouped into one collector.
After the initial tests were performed with the seat frame alone, yet before the
dummy was added, two special parts were added to the model to represent the seat pan
and the back pan. These parts were modeled using non-standard material; they use LSDYNA material type 34: Fabric. The two pans are grouped in separate collectors.
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Preliminary simulations showed that adding the cloth seat cover and the foam
padding to the model does not significantly change the response of the dummy's
accelerometers or load cell. Also, the addition of the foam padding would have
decreased the model's stability, because it must be modeled using solid elements and the
entire model is meshed using shell elements. For these two reasons, the foam padding
and cloth seat cover were not added to the finite element model.
Later, special regions of those 11 parts were given their own collectors, in order to
speed the simulation. LS-DYNA's mathematical contact algorithms perform operations
on all elements in a collector. Observation showed that, typically, only a small portion of
a collector actually contacts another piece in the model. All of the operations performed
on the pieces that never contact another piece of the model waste processor time.
Another 5 "contact" collectors were added to the model to reduce computation time.
Originally, the ends of the two side mounting pegs were constrained to move in the
vertical direction; either by using spotwelds to connect them to the drop frame in the drop
tower test or by applying the forcing function from the FAA acceleration test in the pulse
test. This makes for a poor model, owing to the significant deformations typically
observed in the mounting tracks (not modeled). The model was adapted to allow the two
side mounting pegs to rotate slightly. The side mounts now have a ball joint, shown in
Figure 2-15.
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Figure 2-15. Inherent ball joints added to side mounting brackets

This alteration to the model created another problem, because the ball joint needed to
be programmed with a stiffness factor to avoid unrealistic deformations in the seat
assembly's side mounts. This stiffness factor depends on many factors including the slop
between the mounting peg and the mounting track, the geometry of the side wall of the
fuselage, and the material properties of all of the different parts involved. Calculating
this stiffness factor could be very complicated and it outside the scope of this project. It
is doubtful that a useful value could be calculated without extensive research. Instead,
this problem was solved by making an educated guess and observing the predicted
deflection in the post-processor. A value fifty times the suggested value for joints in the
human body was used.
Theoretically, this assumption creates a weak spot in the model's strive for accuracy.
However, as long as some sort of stiffness is used in the ball joints, the end result will be
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better than either of the alternatives: a model with rigid supports or a model with free ball
joints. These alternatives can be thought of as worst-case scenarios and the assumption
made for the value of the stiffness of the ball joints is a good compromise.
There are a total of 29 collectors, approximately 6282 elements, and approx. 5712
nodes in the seat model. The completed seat model is shown in Figure 2-16.

Figure 2-16. Finite Element Model of Completed Seat Frame

2.4.8

The Dummy Model

There were four different dummy models developed over the span of this project.
The original dummy model was nothing more than a massive block, serving only to
theload on the seat. Eventually, a more realistic dummy
roughly represent the required
model was necessary; the interaction between the dummy-passenger and the seat is
critical in determining the outcome of a drop test. Even something as seemingly
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insignificant as the position of the dummy plays a large part in determining the loads,
deflections, and accelerations of the various seat parts.

Figure 2-17. Dummy Model; shown with and without Seat Model

The second dummy model was created completely in LS-DYNA; thus, there is no
finite element model of this dummy. LS-DYNA has a keyword that allows a Hybrid III
dummy to be created after the simulation has started. This dummy would interact with
the seat model as if it was created in HyperMesh. However, a great deal of experience is
required to ensure the dummy is positioned correctly without the visual aid of a mesh
generator such as HyperMesh. Additionally, the values that must be entered to create the
LS-DYNA Hybrid III dummy are somewhat meaningless to a new LS-DYNA user. In
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the end, too much time was spent encoding the dummy and verifying the results. A more
reasonable technique was required.
The third dummy model was built from scratch using basic geometric shapes in the
same manner that the seat was conceived. The end result had better interaction with the
seat model, contacting the seat-back and contacting the seat-base differently. However,
the dummy had structural flaws that limited the quality of the interaction with the seat
model. A more sophisticated dummy was desired.
The dummy model ultimately chosen for the model is an altered form of the
Madymo dummy, taken from a HyperMesh archive that was built for Madymo, not LSDYNA. Since a Madymo-ready finite element model is incompatible with LS-DYNA for
many reasons, the dummy had to be rebuilt using this archive as a guideline. In fact, the
only similarity between the original HyperMesh archive and the final dummy model is
the basic geometric shape of the dummy's parts and the joint stiffness of the dummy's
joints. The original Madymo dummy had some 70 pieces (and collectors). For LSDYNA, many of the pieces could be combined. The dummy model had 16 parts after
completion and is shown in Figure 2-17.
It was also realized that the load on the lumbar section of the dummy had to be
measured, but since the dummy is modeled using a rigid material, that was impossible.
LS-DYNA has keywords that allow the user to make load cells quickly and efficiently.
However, most of the load cells are set up to be stationary. The load cell in the dummy
needs to be dynamic and doesn't fit any of the LS-DYNA templates available.
A modification was made to the dummy model, adding a rigid "hinge" and a nonrigid piece that would become the load cell. The load cell (described further in the next
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section) is modeled as a steel plate connecting the hinge to the rest of the torso, cutting
the dummy in half at the pelvic section. The hinge is a piece of the torso section of the
dummy, but must be modeled as a separate collector because of the way LS-DYNA
handles rigid parts. All rigid parts in the same collector move as one part; thus the load
cell would not have any load on it at all. LS-DYNA cannot measure load directly, so it is
necessary to measure stress and convert later using a spreadsheet like Excel.
In a drop tower experiment, the utility of a lap belt becomes apparent immediately
after release; an unbelted dummy tends to "float" out of place during freefall. In the
simulation, the freefall distance has been replaced by an initial velocity; explained further
in section 2.5. The absence of the lap belt does not cause such disorientation of the
dummy before impact. The utility of a lap belt becomes apparent for the second time
after the initial impact pulse, when the dummy would otherwise be thrown from the seat
by the various accelerations and forces associated with a drop test. However, the
simulation concludes not long after the primary impact pulse occurs. Visual inspection of
all simulation results show that the dummy's upper and lower torso are not significantly
disoriented before simulation conclusion. Preliminary simulations using a rudimentary
lap belt show that there is no significant difference in response between a belted dummy
and an unbelted dummy for any of the associated drop tests. For these two reasons, the
lap belt is not modeled.
The dummy model contains approximately 7232 elements, slightly more than the
seat model. As stated earlier however, most of these elements are simulated as rigid
materials, so most of the computation is done in the seat model, despite the lesser amount
of elements.
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2.4.9

The Load Cell

LS-DYNA contains control cards to model stationary load cells. The load cell in the
dummy's pelvic area, however, is a dynamic load cell, meaning, it is moving during the
simulation. It was unclear how to utilize the stationary load cell to function properly in
the dummy model. It was decided that a load cell would have to be modeled from
scratch.
The dummy model was altered to include the load cell, shown in Figure 2-18, in its
pelvic area. The load cell is essentially a rectangular block, made from a fictitious
material that separates the dummy's upper torso from his lower torso. LS-DYNA can
measure the dynamic stress in the load cell during a simulation. This stress is later
converted to force using a spreadsheet.
Originally, it was presumed that the load cell would not function well if modeled as
shell elements, because of the transverse loading. However, preliminary tests showed
that shell elements are capable of measuring dynamic transverse stresses with accuracy.
To ensure accuracy, the shell elements were simulated using the fully integrated shell
formulation and the shell elements' number of integration points has been increased.
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Figure 2-18. Load Cell

2.4.10 The Complete Model

Although the last two sections discussed the seat model and the dummy model as if
they were two separate entities, they are really one model. The exact setup varies by the
type of test being modeled and simulated. The two main test modes, drop test mode and
pulse test mode, have only minor differences.
Additional pieces are added to the model as required, such as the floor or drop frame.
The complete model has approximately 13,514 elements.
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Model Simulation

2.5

LS-DYNA is a general-purpose, explicit finite element model simulator used to
analyze the nonlinear dynamic response of three-dimensional systems. The code is used
extensively to model the response of passenger vehicles and occupants to crash loading.
LS-DYNA is capable of transforming a finite element model, with prescribed boundary
and initial conditions, into 3D-plot results, nodal and elemental data, and complete time
history. LS-DYNA has unique solution procedures which allow the code to simulate the
physical behavior of 3D structures: nonlinear dynamics, thermal, failure, crack
propagation, contact, quasi-static, Eulerian, arbitrary Lagrangian-Eulerian (ALE), fluid
structure interaction, real-time acoustics, and multi-physics coupling. LS-DYNA is
extremely powerful, limited only by the authenticity of the input finite element model.
LS-DYNA is capable of extremely exact results, if the requisite time is spent in model
development.
For a brief explanation of basic LS-DYNA terminology and file organization, refer
to Appendix B: Design Techniques and Strategies, section B.2.

2.5.1

Loading Conditions

As shown in Figure 2-19, the model of the reference seat was loaded in two different
ways: (1) drop tower test mode and (2) pulse test mode. The drop tower test mode was
used to simulate drop tower experiments performed in the Rowan University Drop
Tower. The pulse test mode was used to simulate full-scale fuselage drop tests conducted
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by the FAA. Both types of simulations were conducted to validate the model against
experimental data.
In drop tower mode, the seat is attached to a drop frame. The drop frame closely
resembles the drop frame used in the drop tower test. The system is given an initial
velocity and is brought into contact with a rigid wall. The rigid wall functions as the
concrete base in the drop tower test. This drop tower simulation most closely resembles
the real-world drop tower test in terms of visual and physical comparability.
In pulse test mode, the drop frame and rigid wall are removed. The drop frame is
replaced by two shock pieces that resemble the drop frame. Nodal accelerations are
applied to these shock pieces, where the seat would attach to the drop frame. The
accelerations can then be made to follow a chosen load curve, namely the measured data
from previous FAA drop tests.
These two loading conditions produce different results. The reason is that the drop
tower test internally provides its own load curve at the mounting pegs. If the drop tower
test is run and the accelerations at the mounting peg end nodes are recorded, it can be
used as the load curve in the pulse test. Doing this provides results that match very
closely.
The drop tower simulation was used to validate the model against data from the
Rowan University drop tower experiments. The pulse test simulation was used to
validate the model against the FAA's fuse-fuselage drop test of a Beechcraft 1900C.

50

Chapter 2: Model Development Approach

Figure 2-19. The seat model; set up in each of the two configuration modes

2.5.2

Boundary Conditions

In the drop tower test mode, the only imposed boundary condition is the rigid wall.
All parts, even the drop frame, are assumed to have some elastic or elasto-plastic material
properties. Parts that are assumed not to fail are typically made elastic.
In the pulse test mode, the acceleration-loaded nodes are bounded so they only
translate vertically (in the z-direction). This eliminates the tendency of the seat to rotate
through uneven loading. No further boundary conditions are necessary.
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2.5.3

Initial Conditions

In the drop tower test mode, the entire system is given an initial velocity.
Kinematics are used to determine the impact velocity of a 1-meter, 1.5-meter, and 2meter drop test; these values are shown in Table 2-1. In this test, some amount of energy
is added to the system initially and absorbed by the rigid wall and various members
during the simulation.

Table 2-1. Impact Velocities

Drop Height

Impact velocity

Initial Velocity

( m)

(m/s)

( km/h )

1

4.43

15.94

1.5

5.42

19.53

2

6.26

22.54

In the pulse test mode, the loaded nodes are accelerated in the positive z-direction
(upward). The magnitude of the acceleration follows a prescribed curve. In this test,
there is initially no energy in the system. Energy is added through the loaded nodes and
absorbed by the various members of the seat frame and dummy. Figure 2-20 shows how
each node in the mounting base is subjected to the same acceleration pulse.

2.5.4

Contacts

When it is known that two parts of the model will interact with each other, it is
necessary to add a contact interface into the model. In most cases, a surface-to-surface
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contact type is used, but a few contacts use the nodes-to-surface type. All the vector
normals (positive normal vector of each element) must be checked to ensure that
contacting elements are pointing towards each other. If not, LS-DYNA usually reverses
the normals automatically; the user should check the normals manually, however.
Incorrect normals can be devastating to a model. The symptoms can include wild
deformations, shooting nodes (a simulation error where one or many nodes is subjected to
a force many times higher than is physically possible and "shot" away from the rest of the
model causing inaccurate failure and/or unrealistically large elements), and in extreme
cases may even crash the simulation.

Figure 2-20. Close-up of pulse test configuration showing prescribed accelerations
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LS-DYNA handles contacts by placing forces on nodes that have penetrated a
particular surface. This force is scaled by the distance that the node has penetrated the
surface. If the value of the force becomes too large, the node will be "set free" and no
longer be part of the contact interface. If freed nodes are unacceptable, the contact
interface must be changed or the time step scale factor can be reduced. It is possible for
fast moving objects to "step over" a contact surface. In this scenario, the time step is too
large for the simulation and the object nodes are "set free" only a few cycles after they
contact the surface. The object appears to simply pass through the contact surface.

2.5.5

DataAcquisition

The two primary quantities being measured during a simulation are acceleration and
load. Acceleration is obtained through nodal data. LS-DYNA can be run such that it
outputs specified nodal data at regular intervals. For purposes of this model, it is
necessary to export nodal data at 500 kHz to avoid aliasing in the acceleration curve,
which was realized through trial and error. The nodal data is later read using a post
processor after the simulation is complete.
Load is actually measured as stress and later converted into force using a
spreadsheet. LS-DYNA can be run such that it outputs specified shell-element data at
regular intervals, using the same output frequency as acceleration. The dynamic stress of
the dummy's load cell is obtained in this fashion. The load cell was described in section
2.4.9.
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2.5.6

Element Formulation

The default shell element in LS-DYNA is the Belytschko-Tsay type 2 shell. This
formulation is very fast, but it can produce a phenomenon called hourglassing.
Hourglassing is a simulation error that is physically impossible caused by a mathematical
shortcut; an example of hourglassing is shown in Figure 2-21. If a simulation creates
such errors or otherwise produces bad results with shell type 2, it is suggested that a
different type be used. The fully integrated shell element formulation (shell type 16)
eliminates hourglassing. Additionally, LS-DYNA has a control card which controls
hourglassing.
The finite element model was simulated without using LS-DYNA's hourglassing
control. Instead, areas of possible hourglassing were singled out in initial simulations.
Elements in those areas were formulated using type 16 in later simulations.

2.5.7

Material Types

All of the components of the seat frame were given the properties of steel. Parts
assumed not to fail were made elastic, while failing and deforming parts are made elastoplastic with failure (material type 24: piecewise_linear_plasticity). The seat pan and seat
back-pan use material type 34: fabric. The dummy is made with a customized rigid
material so that modulus and density can be scaled to closely match the properties and
weight of a crash test dummy. For a table of material properties, refer to Appendix C:
Summary of Model Statistics.
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Figure 2-21. Two Examples of Hourglassing in LS-DYNA

2.5.8

Control Cards

The model is set up so that shell thickness is taken into account during contact
interfaces. LS-DYNA calculates contact at the center of the shell by default, or as it
appears in the pre-processor. Using shell thickness is more realistic; however, if the
modeler does not plan to use this option from the beginning of the model construction, he
could run into problems with initial penetrations. Generally, it is acceptable to disregard
shell thickness.
The standard time step scaling factor of 0.9 is used in this model. The model is
typically simulated for 100 milliseconds and 3D plots are exported every millisecond, a
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sampling rate of I kHz. Select nodal and elemental data is exported much faster, at 500
kHz, to cut down on aliasing in result plots. Depending on the exact conditions set forth
by the finite element model, aliasing seemed to occur at sampling rates less than 100
kHz. No result plots exhibited any degree of aliasing at 500 kHz.

Model Optimization

2.6

The complexity of a finite element model as a whole limits the modeler's ability to
optimize the model as a whole. This section explains how a model can be optimized by
building the pieces is the most efficient way.

2.6.1

CharacteristicBeam Design

The vast majority of the seat's frame is made up of circular tubes welded together.
Since a finite element analyst could model the same circular tube multiple ways with
slightly different results, it is beneficial to optimize this type of geometry. The result of
optimizing "frequently-appearing" beam geometry in the model is a characteristic beam.
This characteristic beam would utilize the optimal physical properties, element types,
mesh geometry, and element formulation. The model could then be built from these
characteristic beams, minimizing one source of error.
The difficult part of building a characteristic beam is deciding what qualities are
important in a model. A characteristic beam was built for this model using two separate
processes: a static validation and a dynamic validation.
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2.6.2

Static Validation

Again, most of the members in the seat's frame are circular tubes and most of loads
they are subjected to are transverse. This creates conditions that are not unlike the
cantilever beam and the simply supported beam. A cantilever beam could be built with
minimized error in end deflection and called a characteristic beam. The model could then
be constructed of these characteristic beams to minimize error in areas of similar
deflections.
There are many qualities that contribute to the behavior of a beam in a finite element
model. Important qualities that would define the characteristic beam include element
size, element formulation, element type, material type, and type of loading.
Static validation serves a second purpose. It proves that LS-DYNA is capable of
obtaining a solution to a simple problem as well as a more complex problem. The
process through which the characteristic beam was created is explained in section 2.7. In
the end, this process provides the modeler with a blueprint for building a characteristic
beam.

2.6.3

Dynamic Validation

Obviously, the seat model cannot be considered static or even semi-static. The entire
simulation occurs in a tenth of a second. A dynamic model needs to take into
consideration concepts that a static model can ignore: like rate effects and failure.

58

Chapter 2: Model Development Approach

Section 2.8 explains the dynamic validation process. This section is brief due to the
difficulty in validating a complicated dynamic system using analytical techniques.
This section focused solely on creating a model beam that, when simulated in LSDYNA, produced a natural frequency that matched the natural frequency of the analytical
answer.

2.6.4

Technology, Time, and Accuracy

Finite element models are notorious for requiring fast processors and using up vast
amounts of computation time. The majority of this project's simulations were conducted
on a 2.0 GHz Dell Dimension 8200. This machine was clocked against a benchmark
comparison provided by Worchester Polytechnic Institute (see following link) at 161
simulated milliseconds per elapsed hour. This compared to 244 for a Cray SV1 run with
4 processors and 284 for a Compaq Alphaserver ES40 run with 1 processor.

http://www.wpi.edu/Academnics/Depts/CEE/Impact/bench.htnml

The first complete simulation was run on an older PC and took 9 days to run a 100ms
simulation. None of the time saving techniques were included in this rough model. After
an initial attempt to decrease the simulation time and purchasing a faster machine, the
simulations were running in the 2-3 day time range. This model is referred to as the "Full
Order" model. It quickly became apparent that the model had to run in under a day to
permit the project to reach completion in the designated time.
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It was decided that the model would have to run in 16 hours or less to permit daily
runs to take place. After that time, the model was completely redesigned. The final
version of the model and dummy, referred to as the "Reduced Order" model, runs in
about 15 hours and displays incredible accuracy. Reducing the simulation time by a
factor of 14 did not cost much regarding accuracy. Initial data from the old tests were
similar to recent tests.
The actual cost in accuracy remains questionable, however. Many places in the
reduced order model no longer included the optimized characteristic beam design.
Perhaps in the future, with higher processor speeds, a model can be developed with less
regard for time.

Static Validation

2.7

Validating the accuracy of this computer simulation is extremely important. The
entire model, from construction to simulation, has many feasible sources of error; it can
be thought of as a machine with many moving parts. The following two sections explain
the necessity of validation and how the validation was conducted.

2.7.1

Reason for Static Validation

Performing static test simulations is mainly used to build a foundation for the other
validation subdivisions. After all, if LS-DYNA cannot accurately describe the deflection
of the frame's members, than it cannot be used to accurately simulate a drop test.

60

Chapter 2: Model Development Approach

This first step in the validation process also serves as the simplest case scenario.
Building complex solutions on the basis of legitimate simple solutions is, more or less,
one of the main philosophies behind this project. Furthermore, using simplified
simulations to build more complex simulations is a technique used throughout this project
to save time during lengthy simulations.

2.7.2

Deflection and Stresses in the Seat Frame

The first step in the validation process was to determine if LS-DYNA could, in fact,
accurately model the deflection of the frame's members as they sustained different
stresses and stress modes. It is presumed that much of the deflections and failure modes
that occur during a drop test will be due to bending stresses, as opposed to torsional,
compressive, and tensile stresses. Most of the shearing stresses that occur during this
drop test take place in secondary members, such as bolts, which are assumed not to fail.
Moreover, all of the observed deflections that took place in the FAA's drop test of the
Beechcraft 1900C were bending deflections.

2.7.3

Cantilever Beam Tests

The first series of tests run in LS-DYNA were composed of various sized beams
constructed from different types and amounts of elements. These beams were then
rigidly constrained at one end and subjected to static loading at the other. Each beam was
simulated, dynamically, until it reached a static- or steady-state.
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At that time and beyond, the deflection was constant and could be measured,
recorded, and compared to the analytical result from basic beam theory. Basic beam
theory supplied the reference value used during the static validation tests.

5(x)-6E (x 3 -3Lx 2)

2.7.4

Test Descriptions

In modeling, there are many different ways to go about increasing the accuracy of a
simulation. It was decided that among all factors, these six factors play the largest roles
determining the overall accuracy, with respect to deflections.

1) Number of elements; i.e. how fine the mesh is.
2)

Type of element; solid vs. shell, tria vs. quad.

3)

Element formulation; which algorithm was used during integration

4)

Material formulation; elastic vs. plastic.

5)

Magnitude of deflection; ratio of deflection to overall length.

These tests were designed to reveal the actual importance of each factor. The first
test series were run changing only the number of elements in the mesh. By running three
to six tests per series, data can be compiled to reveal the best accuracy vs. simulation time
tradeoff. By looking at the results of all the tests, a characteristic beam model could be
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built, hopefully with high accuracy and low time cost. The characteristic model would be
used to build most of the geometry in the model.
The element number tests were designed to find an ideal element size. The element
type tests look at the deflection of a beam using different types of elements. The element
formulation tests will determine what minimal level of integration is required. The
material type tests were used to determine the reliability of different material types. The
magnitude of deflection tests are included because of the important assumption
associated with basic beam theory; that the magnitude of the deflection be small when
compared to the overall length of the beam.
Since all of the geometry in the seat's frame is tubular, the cantilever was
constructed in the same fashion. A very simple cantilever beam test was constructed to
be the basis of all the tests. It was given a length of 300 mm, a mean diameter of 19.099
mm, and a thickness of 1 mm. These dimensions were chosen such that the length would
be five times greater than the circumference. The beam was rigidly fixed on one end and
loaded with 51.072 N at the other; chosen to produce an end deflection of approximately
lmm. The load was equally distributed among the end nodes, for all tests. For the first
test, for instance, there are 8 end nodes, so each end node is loaded with 6.384 N. The
modulus of elasticity was set to 200 GPa (Steel).
The tables in the following sections contain data regarding the specific quality being
tested. All tables contain the quantities "Error", "Time", and "Efficiency". Error is
computed using the standard equation, merely the percent difference in the theoretical
and the simulated deflections. Time is simulation run time (the real-world time it takes
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for the computer to run the simulation) in seconds. Efficiency is a relative quantity,
computed using the following equation:
100

Error x Time

This quantity allows the examiner to quickly balance the cost of time and the
necessity of precision.

2.7.5

Element Number Tests (Series 1)

In these tests, the total number of elements was varied between 320 and 4200 by
changing the individual element size. The number of elements in the length of the beam
and the number of elements around the ring, or cross-section, are two distinct dimensions.
The elements were always close to being perfect squares during this test series, that is so
say, the element's aspect ratio was held as close to 1 as possible, varying from 1.001 to
1.03. The number of elements in the length of the tube was always exactly 5 times
greater than the number of elements in the ring.
If the cantilever beam had a rectangular cross-section, and a rectangular-shaped
length, then the element-mesh would 'fit' perfectly inside the beam's area. The elements
do not fit perfectly inside a beam with a circular cross-section, because the elements are
initially 'flat'. This will inevitably be a source of error, unless the mesh was built with a
large amount of elements around the ring. As the resolution of the mesh gets finer, the
simulation time increases exponentially.
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As the mesh gets coarser around the ring, say around 8 elements, the cross section
becomes an octagon, then a hexagon at 6 elements, and finally a square at 4 elements.
These cross-sections will yield significant error, since the moment of inertia in the
analytical answer is calculated using a circular cross-section.
If the elements were 'warped' to fit inside the circular cross-section, they would no
longer be reliable and may cause run-time errors, like shooting nodes. HyperMesh
avoids building warped elements when using automatic mesh generation methods.
The results of these tests show that error decreases exponentially as the number of
elements is increased, but error is still not insignificant, even when using many elements.
The error decrease rate is slow after about 1000 elements, or about 14 in the ring. At this
stage in the validation, it was assumed that 12-16 elements in the ring would be a good
choice for the element density of members with tubular cross-sections. Here, a 12element cross-section was generally acceptable, but a 16-element cross-section would be
required for members of the frame that experienced larger deflections.
Table 2-2 lists the beam theory information used to compute end deflections in series
1 through 4. Table 2-3 lists the results from test series 1.
As an additional reference, a rectangular cross-section cantilever beam was
simulated using only 10 elements, elastic material, and the fastest (and least accurate)
elemental formulation. The error in the test's end deflection was only 0.23%, compared
to beam theory. This simulation ran in approximately 2 seconds.
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Table 2-2. Beam theory information

Beam Theory Information (for series 1 through 4)
Mean Diameter

Length

Thickness

Load, P

(mm)
19.099

(mm)
300

(mm)
1

(N)
60

OD

ID

(m)

20.099

Modulus
(GPa)
195

Moment, I

Theoretical End Deflection

(m)

(mm 4 )

(mm)

18.099

2743

1.009435

Table 2-3. Element number test series results

Test Series 1:: Element Number
Test File
TestaFile

of
Number
N
e

Elements in
Model

Static End
Deflection

Error

(mm)

(%)

(s)

Time

Time: Element
Ratio

Efficiency

V1S1.dyn

320

1.222005

21.06%

24

0.075

19.8

V1 S2. dyn

720

1.102780

9.25%

73

0.101

14.8

V1 S3. dyn

1280

1.064534

5.46%

176

0.138

10.4

V1S4.dyn

2000

1.047435

3.76%

336

0.168

7.9

V1 S5.dyn

4500

1.030854

2.12%

1124

0.250

4.2

Notes: Quad Elements; Bielytschko-Tsay formulation.

Compared to the first test (VISl.dyn) LS-DYNA was about 100 times more accurate
modeling flat-cantilever beams as opposed to circular beams, even when using onethirtieth the number of elements. It is evident that the type of element integration used in
the preceding tests was specifically designed to deal with flat geometry, but not
specifically designed for use with circular geometry.
After examining the first test series, it is apparent that none of the first five tests
yielded desirable results. The error is substantial even when thousands of elements are
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used. Also, the simulation time grows exponentially as the number of elements increases.
Another creation method needed to be developed for the characteristic beam.

2.7.6

Element Type Tests (Series 2)

Solid elements were rejected early in the project, because they lack the ability to
describe bending, without using large numbers of solid elements. Additionally, the
geometry of much of the seat's frame calls for even more solid elements to be used.
Because of the large simulation times that would result from using solid elements, shell
elements are a much better choice for this model's geometry.
It follows that, in most cases, square shell elements (quads) are assumed to produce
more accurate results than triangular shell elements (trias). This test series was designed
to exhibit the difference in deflection caused by using trias as opposed to quads. The
mesh of trias was created using automatic mesh generation.
It is a known fact in finite element modeling, that, all other things being equal, a
coarser mesh is inherently 'stiffer' than a finer mesh. Trias tend to make a mesh finer
and make the simulation math marginally easier. Quads, on the other hand, tend to keep
simulations stable even for a reduced number of elements (coarser mesh).
Three element type tests were conducted, using tria elements of the same base size as
the first three test's respective quad elements.
The tria elements tests proved stable and used the same amount of time as a quad
element simulation of the same size (number of elements). However, the errors in end
deflection were drastically different, the tria element tests produced the same error as a
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quad element test four times bigger. This means that tria elements could reduce error by
a factor of 4, so long as they do not cause the simulation to become unstable. Instability
was not evident in any of the three tria element tests, even the visually coarse test with 8
elements around the ring (V2S2.dyn).
All three of these tests are good choices. For the seat model, test V2S3.dyn seems
like the best choice. Although the test has the lowest efficiency in the group, it also has
the lowest error; less than 1%. Since precision is key in the seat model, V2S3.dyn will
become the top choice for characteristic beam design. A characteristic beam like
V2S 1.dyn is a reasonable precise and extremely fast design. It would be useful when
results are needed immediately or for general purposes.
Table 2-4 lists the results from test series 2.

Table 2-4. Element type test series results

Test Series 2: Element Type
Name

Number of
Test File
Elements in
Model

Static End
Deflection
(mm)

Error

Time

(%

(

Time /
Element
Ratio

Efficiency

V2S1. dyn

588

1.043420

3.37%

63

0.107

47.1

V2S2.dyn

1464

1.025725

1.61%

224

0.153

27.7

511

0.199

23.2

V2S3.dyn

2564

1.017965

0.85%

Notes: Tria Elements; Belytschko-Tsay formulation.
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2.7.7

Element Formulation Tests (Series 3)

The LS-DYNA default shell element is formulated using the Belytschko-Tsay
formulation; it is formulation number 2 on LS-DYNA input file cards. However, the
default setting is 0 on that particular input card, and there is no formulation given by the
LS-DYNA manual for a 0. Therefore, the default setting is intrinsic in LS-DYNA's
code. This test series will also confirm that all shell elements are formulated using the
Belytschko-Tsay formulation.
This test series will compare results using two additional types of shell elements: the
Belytschko-Wong-Chiang shell (formulation number 10) and the fully integrated shell
(formulation number 16). The tests in this series will be based on tests from the previous
two series.
The two most promising tests from each of the previous two series will be rerun
three times each, for a total of 12 tests. Each previous test will be rerun, altering only the
element formulation, using each of the three before mentioned elemental formulations.
When LS-DYNA was specifically told to use the Belytschko-Tsay formulation, there
was always less than a 2% difference in finishing times, which is to be expected in such
short simulation times due to difference in CPU usage from simulation to simulation.
There was no difference in end deflection between the earlier tests and the
Belytschko-Tsay tests using quad elements and only an extremely slight difference in the
tria elements (less than .0005%). This follows along with the presumption that LSDYNA uses the Belytschko-Tsay formulation as its default.
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The Belytschko-Wong-Chiang formulation failed to decrease the error in end
deflection with quad elements. The fully integrated element formulation did decrease
error with quad elements by more than 25% of the total error when compared to the
Belytschko-Tsay formulation. However, the fully integrated formulation took close to 4
times longer in both cases, which makes its usefulness questionable.
Both the Belytschko-Wong-Chiang formulation and the fully integrated formulation
failed to decrease error with tria elements. They actually increased the error while
decreasing the overall simulation time with tria elements. Additionally, these two
formulations produced identical errors in end deflection, which would lead one to suspect
they are formulated much the same for tria elements. The relatively small amount of time
saved with respect to the Belytschko-Tsay formulation does not warrant the use of either
of these two elemental formulations.
Test file V3S4A.dyn seems like the best choice, however it is essentially the same
test as V2S3.dyn. V2S3.dyn stays the best choice.
Table 2-5 lists the results from test series 3.
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Table 2-5. Element formulation test series results

Test Series 3: Element Formulation
Static End
Deflection

Error

Time

(mm)

(%)

(s)

Belytschko-Tsay

1.102780

9.25%

74

14.6

720

Belytschko-Wong-Chiang

1.102780

9.25%

108

10.0

V3S1 C.dyn

720

fully integrated

1.076682

6.66%

274

5.5

V3S2A.dyn

1280

Belytschko-Tsay

1.064534

5.46%

173

10.6

V3S2B.dyn

1280

Belytschko-Wong-Chiang

1.064535

5.46%

253

7.2

V3S2C.dyn

1280

fully integrated

1.0505

4.07%

645

3.8

V3S3A.dyn

1464

Belytschko-Tsay

1.025730

1.61%

221

28.0

V3S3B.dyn

1464

Belytschko-Wong-Chiang

1.030262

2.06%

187

25.9

V3S3C.dyn

1464

fully integrated

1.030262

2.06%

196

24.7

V3S4A.dyn

2564

Belytschko-Tsay

1.017966

0.85%

509

23.2

V3S4B. dyn

2564

Belytschko-Wong-Chiang

1.020971

1.14%

421

20.8

V3S4C.dyn

2564

fully integrated

1.020971

1.14%

445

19.7

Number of
Elements in
Model

Type of Elemental
Formulation

V3S1A.dyn

720

V3S1 B.dyn

Test File
Name

Efficiency

Notes: Based on Tests from Series 1 and Series 2. Tests in Bold are essentially reruns of earlier
tests.

2.7.8

MaterialFormulation Tests (Series 4)

Material type in LS-DYNA refers to the behavior of the material itself; describing
whether the model will behave elastically, exhibit plastic deformations, include thermal
considerations, or even crack due to brittleness.
In the previous validation tests, the elements were treated elastically, as if their
stress/strain curve was always linear. This series of tests will examine the deflection of
beams made from non-elastic material. Since, the deflections will still be in the elastic
regime, the tests should come out very close, if not identical.
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Three material types have been chosen for testing: Material type 1: Elastic, type 3:
Plastic/Kinematic, and type 24: Piecewise/Linear/Plasticity. Type 1 assumes that the
material's stress/strain curve is always linear, that there is no plastic regime, and the
material will return to its original state when unloaded. Material type 3 allows for a
bilinear stress/strain curve, rate effects, failure via eroding elements, and hardening
effects. LS-DYNA uses the Cowper and Symonds strain rate model, which scales the
yield stress with the factor:

1+ L,

.

C and p are empirical constants that depend on the material properties. C is the
strain rate. Unfortunately, the LS-DYNA concept of scaling the yield stress is not perfect
because the constants C and p are largely unavailable for most materials. However, many
finite element modelers use the standard values C = 40 and p = 5 as a starting point. This
technique is generally accepted because it is most likely a better assumption then not
taking strain rate effects into account.
Material type 24 is a more sophisticated version of type 3. It allows for a user
defined stress/strain curve, another failure criteria, more hardening effects, and element
time step control. The initial response to material type 24 was that it is probably more
complex and sophisticated than the seat model. Most of the features that type 24 offers
require physical properties of the seat's steel that are simply not available. If type 24 is to
be used as the model's primary material type, it will likely be due to its user definable
stress/strain curve.
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Material types 1 and 3 outperform type 24 marginally, but in the elastic regime.
Ultimately, parts of the seat model will experience plastic deformations, thus material
type 1 is not useful for such parts. This test does show that material type 1 should be
used whenever the part in question will not experience plastic deformations.
Additionally, the loss of precision in the plastic regime by switching to material type 3 is
not worth the marginal gain in the elastic regime.
Table 2-6 lists the results from test series 4.

Table 2-6. Material formulation test series results

Test Series 4: Material Formulation
Test File
Name

~~~~Number
T
of ,c.,-,~.

Number of
Elements in

,.

Type of Material and
PrDeflection

Model

Static End

Static End

(mm

Error

Time

(%)

(s)

Efficiency

V4S1.dyn

2564

Type 1: Elastic

1.017980

0.847%

468

25.2

V4S2.dyn

25G64

Type 3: Plastic/Kinematic

1.017756

0.824%

510

23.8

V4S3.dyn

2564

Type 24: Plastic/Piecewise

1.017966

0.845%

511

23.2

Notes: Based on Tests from Series 2. Test in Bold is essentially a rerun of an earlier test.

2.7.9

Magnitude of Deflection Tests (Series 5)

As stated earlier, beam theory assumes small deflections. However, there are areas
in the model that contain large deflection. These tests function as a check to ensure that
LS-DYNA yields larger errors as the magnitude of a beam's deflection increases.
It is expected that, if enough elements are used, LS-DYNA should be able to get a
closer answer for a beam's end deflection then beam theory. As the deflection increases
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and assuming enough elements are used, LS-DYNA's answer will remain very close to
the actual deflection, while the answer using basic beam theory will begin to diverge
from the true deflection. Therefore, the error should grow as the end deflection of the
beam increases.
Throughout the elastic regime, the error and time only change marginally.
Unfortunately, this test is not valid in the plastic regime.
Table 2-7 lists the results from test series 5.

Table 2-7. Magnitude of deflection test series results

Test Series 5: Magnitude of Deflection
of
Test File
Fie
Test Number
Elements in
NmModel

Error
Error

Time
Time

Static End
.
Deflection

(N)

Theory
r,„, End
Deflection
(mm)

(mm)

(%)

(s)

End Load
bi~nd
Load

Efficiency

V5S1.dyn

2564

6

0.100944

0.101774

0.823%

509

23.9

V5S2.dyn

2564

60

1.009435

1.017756

0.824%

510

23.8

V5S3.dyn

2564

120

2.018870

2.035716

0.834%

509

23.5

V5S4.dyn

2564

180

3.028305

3.053935

0.846%

509

23.2

Notes: Based on Test V4S2.dyn from Series 4. Test in Bold is essentially a rerun of an earlier test.

These tests, along with the others, show that LS-DYNA is capable of internal
accuracy dealing with static conditions.
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2.7.10 The CharacteristicBeam

In summary, the characteristic beam will be constructed using tria shell elements
with a base size of 3.75 mm; they will use the Belytschko-Tsay elemental formulation
and material type 24: piecewise_linear_plasticity.

2.8

Dynamic Validation

2.8.1

Reasonfor Dynamic Validation

That previous section dealt with validating LS-DYNA against static conditions, but
the seat model simulation is obviously not a static condition. If testing LS-DYNA
against static conditions was a reasonable first step in the validation process, then testing
LS-DYNA against dynamic conditions is a logical next step.

2.8.2

Types of Dynamic Tests

There are a few noteworthy tests that were invented, but never designed or executed.
Most of the dynamic tests originally invented would require a real-world model. It was
decided to design tests only if they could be solved analytically.
A strain rate dependency test would have been ideal to compare the effects of strain
rate in the model with the same effects in a test. As said earlier, however, the necessary
empirical coefficients are simply not available for almost all materials and certainly not
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for the material of the seat model. Such a test could not be solved analytically and would
require a real-world test model.
A simple tensile test would have been ideal also. This test could have provided the
model with an exact stress strain curve, instead of the generic curve assumed through
material properties. Also, the same test could have been simulated in LS-DYNA and the
results could have been compared. If such results were similar, it would have made a
convincing argument to LS-DYNA's validation. Conducting a tensile test is a project in
itself for an inexperienced engineer. The resources (equipment, experience, time, and
funds) necessary for a tensile test were simply not available.
A response test would be a good place to start dynamic validation. The results from
this test could be used to evaluate LS-DYNA's ability to model dynamic movement in
general. A response test can be solved analytically using several methods.

2.8.3

Dynamic Response Test

This test was designed to evaluate LS-DYNA's ability to measure the dynamic
response of a circular beam, not unlike the characteristic beam constructed during the
static validation process. The final quantity to be compared is the frequency of vibration.
A circular beam was constructed in HyperMesh using the characteristic beam
summary found in section 4.1.10 and subjected to a ramped load, producing an initial
deflection of 5.08mm. The load was terminated and the beam was allowed to vibrate for
100ms or 0.1 seconds. No degree of global damping was used in this simulation.
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Additionally, the material type was changed to type 1: Elastic to prevent any small areas
of plastic strain from ruining the simulation.
The end deflection of the beam was measured using LS-DYNA's post processor,
eta/Graph, and exported to Excel. The curve is shown in Figure 2-22.
Figure 2-22 shows that the initial deflection and the amplitude of the beam's
vibration do not match. In theory, the mode shape of the beam's vibrations may be
assumed to match the initial curvature of the beam. In reality, the beam will never return
to its initial curvature. This is most likely due to the presence of multiple mode shapes,
none of which match the initial curvature of the beam exactly, shown in Figure 2-23.
However, since there is no damping and the material is elastic, the beam always returns
to the same extreme position after each cycle. LS-DYNA inherently takes this all into
account.

LS-DYNA: End Deflection of Characteristic Beam
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Figure 2-22. LS-DYNA: End Deflection of a Characteristic Beam
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Initial Displacement of Beam (Primary Mode Shape)
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Figure 2-23. Primary Mode Shape of Characteristic Beam

An analytical solution to this simulation can be solved using fundamental acoustics.
Using the transverse wave equation shown below, it is possible to find the displacement
of any point of the beam at any time.

d

4

-

2

= co(CC)

The solution is then superimposed on the LS-DYNA plot to show similarity. A
phase shift of 7r is added to the analytical solution for better orientation and plotted in
Figure 2-24.
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Visual inspection shows that the plots are very similar. The natural frequency of the
beam from theory is computed to be about 212 Hz. The natural frequency of the LSDYNA simulated beam is measured to be about 209 Hz. The difference in the measured
and theoretic frequencies is about 1.3%. The error in dynamic response is comparable to
the acceptable 0.85% error in the static tests. It is reasonable to assume that using more
elements would reduce the dynamic error even further. These results are summarized in
Table 2-8.
This test concludes with LS-DYNA proving capable of modeling dynamic responses
about as well as it can model static and pseudo-static conditions. LS-DYNA simulations
coincide with theoretical results from analytical solutions with an error around 1% when
care is taken in the construction of the finite element model.
Sections 2.7 and 2.8 present the tests that were used to assess LS-DYNA's precision.
End Deflection of Characteristic Beam
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Table 2-8. Natural frequencies from LS-DYNA and theory, and error

2.9

ftheory ( Hz)

211.6

fmeasured ( Hz )

208.7

Error

1.3%

Chapter Summary
Chapter 2 describes the process by which the finite element model was created and

tested. A Beechcraft seat was thoroughly analyzed, a solid model was constructed, and a
mesh model was built from the solid model. This mesh model was then further
developed, using various modeling techniques, and simulated using LS-DYNA. Finally,
the working model was optimized and internally validated using an extensive basis. The
result is a precise seat model, complete with dummy and attachments, which can be run
in two different modes (drop tower test mode and pulse test mode) with proper loading
and initial conditions. This model is capable of recording and exporting load cell and
accelerometer data to match data from the drop tower experiments performed at Rowan
University and the data from the FAA drop test of the Beechcraft 1900C.
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3. Experimental Results

This section presents the results of the computer simulations in two sections. First,
the results of the drop tower simulations are compared to the drop tower tests performed
at Rowan University. Second, the results of the pulse simulation are compared to the
results of the FAA full fuselage test of a Beechcraft 1900C performed in May of 1998
[McGuire and Vu, 1998].

Drop Tower Tests

3.1

The initial and boundary conditions of the drop tower simulations were explained in
section 2.5. Three separate drop heights were available for consideration: the 1-meter,
1.5-meter, and 2-meter drop tests. Drop tests of higher initial heights were not available
owing to restrictions on equipment, although the drop tower at Rowan University is
capable of drop heights of up to 3 meters.

3.1.1

Data Collection

After each simulation is complete, the time history is saved twice, once as a .gr file
and again as an .lst file. The units on the .1st file are directly from LS-DYNA; i.e. ms
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(time), mm/ms 2 (acceleration), and GPa (load/area). The .1st files are then converted
using Excel, saved as tab-delimited text files, .txt. The units were converted to seconds,
g's, and Ibs; as required for display using PlotBrowser.
Using the National Highway Traffic Safety Administration (NHTSA) tools
ASC2UDS and UDSMOD, the .txt files are turned into .uds files. The accelerationmeasuring files must be altered so their initial velocities match the corresponding LSDYNA test; but the velocity must be entered in km/h because of the way PlotBrowser
integrates. The corresponding velocities are listed in Table 3-1.

Table 3-1. Drop Heights and Impact Velocities

Drop Height

Impact velocity

Initial Velocity

( m)

( m/s)

( km/h )

1

4.43

15.94

1.5

5.42

19.53

2

6.26

22.54

Finally, using PlotBrowser, the .uds files must be resampled at 2 MHz, or 5E-7 as the
resample rate. This file type must be resampled before they can be filtered (explained
below).
LS-DYNA is set to write the nodal- and elemental-data at 500 kHz, every 0.002ms.
LS-DYNA writes the data when the simulation time is nearest to the write time.
However, these write times are rarely a multiple of LS-DYNA's time step size, so LSDYNA can be off by as much as 0.05 microseconds in writing the nodal- and elementalhistory. PlotBrowser will not allow data to be filtered unless the time steps (delta x) are
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all equal, while LS-DYNA may indeed use the same time step value throughout the
simulation, the time step value between data "writes" is almost always different.
It was found through trial and error that resampling at 4 times the original frequency
was enough to reduce aliasing to a negligible amount. Even at 2 times the original
frequency, the acceleration can be integrated twice to yield displacement and be off by
1.5mm. At 4 times the original frequency, the "acceleration integrated twice" value is off
by less then 0.01mm.
Once all these steps are complete, PlotBrowser can be used to filter, integrate, and
compare curves of different origin.

3.1.2

Filtering

Filtering data is a necessary step in the data formatting process, especially if any
visual inspection is to be performed. Typical unfiltered data for acceleration and load
appears somewhat meaningless, as shown in Figure 3-1.
Raw data from a conventional drop test is typically less noisy (erratic) than the curve
shown in Figure 3-1. Finite element model simulators such as LS-DYNA record the
absolute acceleration, which is inherently different than the way an accelerometer records
data. Additionally, many accelerometers have built-in filters that use a very high cutoff
frequency. Typical data from a conventional accelerometer looks more like Figure 3-2.
After a careful evaluation of filtered curves at many different cutoff frequencies, it
was decided that all unfiltered acceleration and load curves would be filtered using a
standard class-60 filter, which filters using a cutoff frequency of 100 Hz. Curves
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produced through integration (velocity and impulse) are filtered using the same class-60
filter, after integration. Therefore, all LS-DYNA curves and drop tower curves are
filtered using the class-60 filter.

Typical unfiltered data from LS-DYNA
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Figure 3-1. Typical unfiltered data
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Typical unfiltered data from a conventional accelerometer
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Figure 3-2. Typical data from conventional accelerometer

3.1.3

Biasing

Each LS-DYNA simulation had a time duration of 100 ms, while the drop tower has
a much longer time stretch. It is important that the drop tower data be time-shifted to
closely match the LS-DYNA data. If the bias is off, the plots will appear to have a
horizontal shift.
If the drop tower data is integrated once to get velocity and the bias is off, the plot
will have a vertical and horizontal shift. The plot will basically take the rough shape
regardless of bias, but it may not line up directly with the LS-DYNA data. If the plot was
integrated a second time to get deflection, the bias must be exactly correct or the
deflection curve will look completely different. The reason for this is PlotBrowser
applies a vertical shift to the velocity graph to force the plot to equal the designated initial
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velocity value at time 0. Since the shape of the deflection curve is based on the vertical
shift of the velocity curve and the velocity curve's vertical shift is based on the bias, the
shape of the drop tower deflection curve is inherently a function of the bias applied in
PlotBrowser. For this reason, the deflection curves will not be compared. Since the
exact bias cannot be calculated or determined, comparing the two plots has no meaning.
Comparing the acceleration plots is acceptable, because the worst-case scenario is a
small, unnoticeable, horizontal phase shift between the two curves.
Comparing the velocity plots is also acceptable, because the shape of the two plots
will be roughly the same regardless of bias. If the bias is small, however, the shapes will
be only unnoticeably different. Additionally, the ultimate change in velocity from 0 to
100 ms will be roughly the same even for a small bias. For these reasons, only the
ultimate difference in velocity will be compared in the case of velocity. In most cases, a
final velocity near 0 would be the ideal value to look for.
The same bias is applied to all plots from the same test. The same method for
removing the bias was used for all plots, which is why some plots exhibit obvious phase
shifts. Because of the specific nature of the curves, with most of the misalignment
happening well before 0.1 seconds, this phase shift is not important except for visual
inconvenience. When visually inspecting the following plots, keep in mind a small phase
shift (one less than or about equal to 0.01 seconds) can be ignored.

86

Chapter 3: Experimental Results

3.1.4

StandardMethod of Comparison

Plots of the same type, but with different origins are compared on the same plot. A
basic comparison of each of the three acceleration curves is presented, along with the
load curve.
The most reliable acceleration curve is always the lumbar curve, because of the nature of
the finite element model. The finite element model was designed with the lumbar
acceleration and load in the design specifications. The chest and head acceleration
measurement points, however, were added after the model was built. This aspect makes
the lumbar acceleration slightly more reliable, but perhaps not as precise in all situations.
Ultimately, the comparison aspects will be as follows:

1) Visual inspection of the similarity between the acceleration and load curves,
represented numerically by the Pearson value, r (explained below).
2) The maximum values of the acceleration and load curves.
3) The ultimate difference, from time 0 to OOms, of the integral of each curve,
where velocity is the measured quantity for the acceleration curves and total
impulse is the measured quantity in the case of the load curve.

The Pearson value is a standard quantity used to compare data curves. It ranges from
-1.0 to 1.0 and reflects the extent of a linear relationship between two data sets. A value
of 1.0 represents two identical curves or two curves that are proportional to one another.
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It is very useful in comparing two curves through use of a single value. MS Excel has an
option to display the r 2 value when asked to plot a trendline for a data set.

3.1.5

The 1-meter Drop Test

Results from the 1-meter drop test look very similar to the simulation results. The
acceleration plots of the lumbar section, the chest section, and the head section can be
found in Figure 3-3, Figure 3-4, and Figure 3-5; respectively. For the results to be even
on the same order of magnitude is an accomplishment in itself. Keep in mind that the
two curves in the following figures were acquired using completely different techniques.
The maximum values of the following acceleration curves differ with
complementary curves by less than 10% with regard to the lumbar plot and the head plot.
As stated earlier, the lumbar curve is the most reliable of the acceleration-measuring
curves, mimicking the drop tower result curve very closely. With regard to the chest plot
and the head plot, the maximum acceleration values may vary significantly. The 1-meter
drop test is a perfect example of why the lumbar curve should be considered the more
reliable factor. Additionally, the Pearson value of the pelvic acceleration is 0.94, which
is very high considering the drastically different techniques involved.
Given the nature of the complication of the model and the difference in the two data
collection techniques, the acceleration plots suggest a strong correspondence between the
LS-DYNA simulations and the drop tower results.
The load curves are extremely similar, as shown in Figure 3-6. However, they
exhibit a slight phase shift and a difference in maximum load of about 21%. The curves
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are still very similar and the plot suggests a strong correlation between LS-DYNA's
results and the drop tower results. Table 3-2 summarizes the results from the 1-meter
drop test.
The plot in Figure 3-7 shows the integrated curves of the six different acceleration
curves for the 1-meter drop test. The curves represent the velocity of the relative sections
of the dummy.

Table 3-2: Accuracy Summary from 1-meter drop

1-meter drop
Visual inspection
Pelvic acceleration
Chest acceleration
Head acceleration
Lumbar load
Difference in maximum value
Pelvic acceleration
Chest acceleration
Head acceleration
Lumbar load
Ultimate Difference
Velocity
Impulse
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Pearson value, r
0.94
0.88
0.84
0.86
% error
8%
21%
2%
22%
max error
6.1
12.6
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Pelvic Acceleration, 1-meter drop
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Figure 3-3. 1-meter drop, lumbar acceleration

Chest Acceleration, 1-meter drop
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Figure 3-4. 1-meter drop, chest acceleration
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Head Acceleration, 1-meter drop
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Figure 3-5. 1-meter drop, head acceleration

Pelvic Load, 1-meter drop
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Figure 3-6. 1-meter drop, pelvic load (Ibs)
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Velocity, 1-meter drop, (integrated)
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Figure 3-7. 1-meter drop, velocity

This plot suggests a strong correlation between LS-DYNA's results and the drop
tower results. Where the methods of visual inspection and comparing maximum values
fail, comparing total change in velocity allows the inspector to look at the acceleration
plots as if they were a single number. All but one of the above curves end between +2
and +5 km/h, while the remaining curve (representing the LS-DYNA simulation of the
head section) shows a sharp turn towards descending near the middle of the simulation.
This can be explained due to the simulation dummy's head flipping forward in the latter
half of the simulation, whereas in the drop tower test it did not. The head acceleration
should not be considered in this case.
The plot in Figure 3-8 shows the total impulse of the 1-meter drop test, computed by
integrating the load curve from Figure 3-6. The units are in lbs-s, which is very useful for
purposes of comparing values. The plot suggests only a moderate correlation between
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LS-DYNA and the drop tower results. The shapes of the curves are very similar, but the
difference in the total impulse is about 25%, which is still relatively close, but beyond the
call for a strong correlation.

Total Impulse, 1-meter drop, (integrated)
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Figure 3-8. 1-meter drop, total impulse

In summary, the 1-meter drop test generally showed a strong correlation between the
drop tower tests and the LS-DYNA simulations. There is sufficient evidence to suggest
that similar seat model simulations could effectively function as a practical, and cheaper,
alternative to drop testing.
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3.1.6

The 1.5-meter Drop Test

Results from the 1.5-meter drop test look similar to the simulation results. The
acceleration plots of the pelvic section, the chest section, and the head section can be
found in Figure 3-9, Figure 3-10, and Figure 3-11; respectively.
The maximum values of the following acceleration curves differ with
complementary curves by less than 10% with regard to the pelvic plot. The chest and
head plots' maximum acceleration values both differ by no more than 20%. Again, the
pelvic curve is the most reliable of the acceleration-measuring curves.
The results from the 1.5-meter drop test are similar to the 1-meter drop test. They
both exhibit an extremely close correlation with regard to the pelvic section of the
dummy, a relatively close correlation with regard to the head section of the dummy, and a
slight correlation with regard to the chest section of the dummy. At this point, the pelvic
acceleration plots suggest a strong correlation between the LS-DYNA simulations and
the drop tower results.
The load curve presented in Figure 3-12 is merely for comparison between LSDYNA results. The drop tower counterpart to the curve shown above is not available.
The load curve in Figure 3-12 almost bottoms out around 0.08 seconds, but starts to
increase again after that point. This is most likely caused by the dummy actually
bouncing on the seat. Had the simulation been allowed to run for another 50ms or so, the
curve would have exhibited a smaller wave, after the initial large wave, from the dummy
landing on the seat the second time from a height of a few centimeters or so. This can be
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seen in the LS-DYNA video clip of the 1.5-meter drop simulation. Table 3-3 summarizes
the results from the 1-meter drop test.

Table 3-3: Accuracy Summary for 1.5-meter drop

1.5-meter drop
Visual inspection
Pearson value,
Pelvic acceleration
0.80
Chest acceleration
0.80
Head acceleration
0.73
Lumbar load
Difference in maximum value
% error
Pelvic acceleration
9%
Chest acceleration
20%
Head acceleration
19%
Lumbar load
Ultimate Difference
max error
Velocity
8.9
Impulse
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Figure 3-9. 1.5-meter drop, pelvic acceleration

95

0n
.nnn69

01

Chapter 3: Experimental Results

Chest Acceleration, 1.5-meter drop
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Figure 3-10. 1.5-meter drop, chest acceleration

Head Acceleration, 1.5-meter drop
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Figure 3-11. 1.5-meter drop, head acceleration
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Pelvic Load, 1.5-meter drop
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Figure 3-12. 1.5-meter drop, pelvic load (Ibs)
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The plot in Figure 3-13 shows the integrated curves of the six different acceleration
curves for the 1.5-meter drop test. The curves represent the velocity of the relative
sections of the dummy.
The plot suggests a strong correlation between LS-DYNA's results and the drop
tower results. All but one of the above curves end between +3 and +6 km/h, while the
remaining curve (representing the LS-DYNA simulation of the head section) shows a
sharp turn towards descending near the middle of the simulation. As in the case of the 1meter drop, this can be explained due to the simulation dummy's head flipping forward in
the latter half of the simulation, whereas in the drop tower test it did not. Again, the head
acceleration should not be considered in this case.
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Figure 3-14. 1.5-meter drop, total impulse
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The plot in Figure 3-14 shows the LS-DYNA result curve representing the total
impulse of the 1.5-meter drop test. The end value is higher than in the case of the 1meter drop test, which would be expected.
In summary, the 1.5-meter drop test generally showed a strong correlation between
the drop tower tests and the LS-DYNA simulations. Although the load curves from the
drop tower were not available, the accelerations regarding the pelvic section of the
dummy have repeatedly shown strong correlations so far. This further strengthens the
suggestion that similar seat model simulations can effectively function as a practical, and
cheaper, alternative to drop testing.

3.1.7

The 2-meter Drop Test

Results from the 2-meter drop test look similar to the simulation results. The
acceleration plots of the pelvic section, the chest section, and the head section can be
found in Figure 3-15, Figure 3-16, and Figure 3-17; respectively.
The maximum values of the following acceleration curves differ with
complementary curves by about 7% with regard to the pelvic plot. The chest and head
plots' maximum acceleration values both differ by less than 20%. Again, the pelvic
curve is the most reliable of the acceleration-measuring curves, although not as accurate
as in the case of the 1-meter and 1.5-meter drop tests.
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Table 3-4: Accuracy Summary for 2-meter drop
2-meter drop

Visual inspection
Pelvic acceleration
Chest acceleration
Head acceleration
Lumbar load

Pearson value. r
0.84
0.84
0.71

Difference in maximum value

% error
7%
19%
14%

Pelvic acceleration
Chest acceleration
Head acceleration
Lumbar load
Ultimate Difference
Velocity
Impulse

max error
12.5
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Chest Acceleration, 2-meter drop
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Head Acceleration, 2-meter drop
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Pelvic Load, 2-meter drop
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Figure 3-18. 2-meter drop, pelvic load (Ibs)

The results from the 2-meter drop test are similar to the two previous tests. They
both exhibit a close correlation with regard to the pelvic section of the dummy, and slight
correlations with regard to the chest section and the head section of the dummy. At this
point, the pelvic acceleration plots still suggest a strong correlation between the LSDYNA simulations and the drop tower results. However, the 2-meter drop test hints that
the accuracy of the model may deteriorate at higher drop heights. Table 3-4 summarizes
the results from the 1-meter drop test.
The load curve presented in Figure 3-18 is merely for comparison between LSDYNA results. The drop tower counterpart to the curve shown above is not available.
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Velocity, 2-meter drop, (integrated)
15
10

5
0

E -15
-20
-25
-30
-35

time (s)
Figure 3-19. 2-meter drop, velocity

The plot in Figure 3-19 shows the integrated curves of the six different acceleration
curves for the 2-meter drop test. The curves represent the velocity of the relative sections
of the dummy.
The plot suggests a strong correlation between LS-DYNA's results and the drop
tower results. All but one of the above curves end between +3 and +7 km/h, while the
remaining curve (representing the LS-DYNA simulation of the head section) shows a
sharp turn towards descending near the middle of the simulation. As in the case of the 1meter drop and the 1.5-meter drop test, this can be explained due to the simulation
dummy's head flipping forward in the latter half of the simulation, whereas in the drop
tower test it did not. Again, the head acceleration should not be considered in this case.
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Total Impulse, 2-meter drop, (integrated)
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Figure 3-20. 2-meter drop, total impulse

The plot in Figure 3-20 shows the LS-DYNA result curve representing the total
impulse of the 2-meter drop test. The end value is higher than in the case of the 1-meter
drop test and the 1.5-meter drop test, which would be expected.
In summary, the 2-meter drop test generally showed a strong correlation between the
drop tower tests and the LS-DYNA simulations. Although the load curves from the drop
tower were not available, the accelerations regarding the pelvic section of the dummy
have repeatedly shown strong correlations, with partial deterioration of the accuracy at a
drop height of 2 meters. The pelvic acceleration tests alone strongly suggest that seat
model simulations similar to the one presented here can effectively function as a
practical, and cheaper, alternative to drop testing.
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3.1.8

Drop Tower Results Summary

In all cases, the finite element model and the drop tower tests produced similar
results, capturing the same curve behavior in multiple places. All curves captured the
quick decrease in acceleration, load, and velocity in the first 10ms of the each test. The
lowest Pearson value was 0.71 and the highest difference in peak value was 22%. Taking
into consideration the drastically different methods by which the curves were acquired, it
is clear that the finite element model produced similar results to the drop tower data. The
fact that the curves are similar, yet not exact, brings question as to the absolute accuracy
of the finite element model. Undoubtedly though, the finite element model persistently
produces similar results.
The phenomenon that creates the quick decrease in acceleration in the first 15ms of
the simulation is explained at he end of section 3.2.

3.2

Pulse Test

The pulse test was designed to simulate a FAA full fuselage drop test. The initial
and boundary conditions of the pulse simulations were explained in section 2.5. Two
acceleration curves are entered into the simulator; one for the floor and the other for the
side-wall. These acceleration curves take the place of the impact situation of the drop
tower tests. Optionally, the same acceleration curve may be entered for the floor and the
side-wall.
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The LS-DYNA simulation is capable of reporting data from any input acceleration
curves, although large differences in the two input curves may cause the simulation to
experience errors.
All curves in this section are based on the pelvic section of the dummy. The
acceleration curves are taken from the pelvic section and the load curves are taken from
the load cell, which is located in the pelvic section also. The plots in this section
represent the pelvic section of the test dummy in all cases.

3.2.1

Data Collection, Filtering,and Biasing

All data collection and filtering of the LS-DYNA curves was performed the same as
it was for the drop tower tests (see previous section). Analytical methods were used to
calculate the impact velocity from the 11' 2" drop; the value was set at 8.17 m/s or 29.42
km/h.
The simulation was validated against the results of an FAA full fuselage drop test of
a Beechcraft 1900C [McGuire and Vu, 1998]. The printed graphs were scanned and
turned into bitmap images. These bitmaps were then turned into usable data using
WinDig25. Some final editing and unit conversion was done in Excel before changing
the data to .uds files using NHTSA tools (described in section 3.1.1). The data from the
FAA report was already filtered to some degree before being printed in the report. No
further filtering was performed on the digitized FAA data. No further biasing was
required for these sets of data.
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3.2.2

StandardMethod of Comparison

Data are compared using the same method used in section 3.1. Ultimately, the
comparison aspects will be as follows:

1) Visual inspection of the similarity between the acceleration and load curves,
represented numerically by the Pearson value, r (explained earlier).
2) The maximum values of the acceleration and load curves.
3) The ultimate difference, from time 0 to 1OOms, of the integral of each curve,
where velocity is the measured quantity for the acceleration curves and total
impulse is the measured quantity in the case of the load curve.

There is much less data to compare with respect to the pulse tests than in the case of
the drop tower tests. The reason is that only one acceleration plot and one load plot are
directly available for comparison with the selected Beechcraft seat. Unlike the drop tests,
there is only one simulation associated with comparison to the FAA data plots.
Furthermore, only one location on the dummy was equipped with an accelerometer, so
only a single acceleration plot is valid for comparison.
The velocity and impulse plots shown in Figure 3-23 and Figure 3-24 contain
integrated data from the FAA report. These plots were not printed in the original FAA
report.

107

Chapter 3: Experimental Results

3.2.3

Pulse Test Results

Results from the pulse test look similar to the FAA data plots. The acceleration plots
can be found in Figure 3-16 and the load plots can be found in Figure 3-17. Visually, the
different sections of the acceleration plots have both similarities and differences.
The maximum values of the following acceleration curves differ by about 6%. The
maximum values of the load curve differ by almost 40%. Both values are comparable to
the errors in the drop tower tests, although the difference with regard to the load curves is
very large, and also larger than the value from the 1-meter drop test. The Pearson value
of the acceleration curve is 0.49, which offers only a slight correlation.
Figure 3-23 shows the velocity of the pelvic section of the dummy. In this case, the
two curves are integrals of the two curves shown in Figure 3-21.

Table 3-5: Accuracy Summary of pulse test
pulse test

Visual inspection

Pearson value, r

Pelvic acceleration

0.49

Lumbar load
Difference in maximum value
Pelvic acceleration
Lumbar load
Ultimate Difference
Velocity
Impulse

0.83
% error
6%
39%
error
2.7
25.4

The two velocity plots differ by about 3 km/h; which is comparable to the drop tower
results. While they exhibit a slight correlation, visual inspection shows a horizontal shift
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in the acceleration and velocity plots. The behavior of the LS-DYNA curve between
0.02ms and 0.03ms shows a strange, short decrease in velocity. This phenomenon is
explained in section 3.2.7. The total impulse plot is very similar, except closer to the end
of the simulation where the error is measured. Table 3-5 summarizes the results from the
1-meter drop test.
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Pelvic Load, pulse test
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Figure 3-22: Pulse test, load
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Figure 3-23: Pulse test, velocity
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Total impulse, pulse test, (integrated)
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Figure 3-24: Pulse test, total impulse

3.2.4

Pulse Test Summary

When compared to the FAA result data, the finite element model produced similar
results in all cases, but the curves varied significantly and exhibited different behavior in
multiple places. No FAA curves exhibited the quick decrease in acceleration, load, and
velocity in the first 10ms of the each test.
As in the section 3.1.8 (Drop Tower Results Summary), it is clear that the finite
element model produced comparable results to the FAA data. The fact that the curves are
similar, yet exhibit differences, questions the absolute accuracy of the finite element
model. Also, the entire pulse test comparison was based on a single drop test, unlike the
drop tower tests, which were based on three separate drops. Undoubtedly though, the
finite element model produced comparable results with respect to the FAA data.
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3.2.5

First-15ms Phenomenon

In every acceleration, load, and velocity curve that was produced using LS-DYNA
and the drop tower, there exists a "dip" in the curve between Oms and 15ms. When
regarding the acceleration plots, one might be led to believe that the dummy was
somehow accelerated downward. Then, taking the load plots into consideration, the
viewer may suppose the dummy was pulled downward by the lower section, since the
load is actually negative during this time.
The "dip" was initially thought to be a mathematical error created by LS-DYNA, but
the drop tower later produced the same phenomenon.

Possible explanations for this phenomenon are:

1) The "dip" is not realistic; it is a mathematical error produced through
manipulation of data; possibly by the filtering algorithm used by PlotBrowser.
2)

The "dip" is at least somewhat accurate; it must be an inherent part of the drop
test.

Exploring the first possibility, LS-DYNA was used to measure its own acceleration,
velocity, and position with respect to a single drop test. These quantities were
manipulated in MS Excel, taking PlotBrowser completely out of the chain. The position
was integrated using numerical means to produce velocity and acceleration. The
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resulting position, velocity, and acceleration can be seen in Figure 3-25, Figure 3-26, and
Figure 3-27.
Figure 3-25 shows the position of the center of the pelvic section of the dummy
during a random drop test. The curve was measured by LS-DYNA and imported directly
into MS Excel.
Figure 3-26 shows two velocity curves. The curve labeled "LS-DYNA" was
measured directly from LS-DYNA, imported into Excel, and graphed. The curve labeled
"Excel" was produced through numeric integration performed by Excel. One can see that
they are almost identical. Furthermore, the "dip" phenomenon is still present.
Figure 3-27 takes us one step further, showing that the "dip" is still present in the
acceleration regime. The LS-DYNA curve has been filtered using PlotBrowser, but the
Excel curve has not. Therefore, the "dip" is not being generated during the filtering
process.
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Displacement of pelvic section
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Acceleration of pelvic section
n

4u

15

t 10
.a

0 5
C
0

0

-5

time (s)
Figure 3-27: Acceleration according to LS-DYNA and MS Excel

Qualitative analysis of the simulations shows that the "dip" is caused by rotation of
the dummy's lower torso, or lumbar section. Before impact, there is a small amount of
space between the dummy and the seat pan. This "slack" is created in a drop tower
experiment during freefall and is inherent to the simulation, which uses an initial
velocity. In the short time between the initial impact of the seat frame and the primary
acceleration pulse on the dummy's lumbar section, this slack is taken up causing the front
of the dummy's lower torso and the dummy's legs contact the seat pan. This contact in
turn causes the lower torso to rotate slightly top-backward. The load cell and lumbar
accelerometer, both mounted near the rear of the lower torso, are accelerated downward
by the rotation of the lower torso during this time. The head upper torso, neck, head, and
arms are also affected by this rotation, therefore affecting the accelerometers in the head
and chest of the dummy also.
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4.1

Project Summary

This thesis has described the development and validation of a finite element model of
a commuter aircraft seat under crash loading. In particular, this effort has developed and
validated an LS-DYNA model of a Beechcraft 1900C low back passenger seat.
Although air travel is one of the safest forms of transportation, crash-related fatalities
do occur even in relatively low severity crashes. Many of these fatalities can be traced to
the inability of production seats to absorb crash energy. The goal of this research effort is
to develop a computational model of a production aircraft seat as a first step towards the
development of more crash-survivable aircraft seats.
The processes by which a finite element model of a low seat-back version of a
Beechcraft 1900C passenger seat was created and tested are described in detail. The
Beechcraft seat was completely dismantled and carefully measured, a solid model was
constructed using the SolidWorks modeling tool, and a mesh model was built from the
solid model using the HyperMesh code. The model was optimized using several design
techniques discussed in the thesis and validated both statically and dynamically. The
result is a precise seat model, complete with a Hybrid-III dummy and attachments, which
can be run in two different modes (drop tower test mode and pulse test mode) with proper
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loading and initial conditions. This model is capable of recording and exporting load cell
and accelerometer data to match data from the drop tower experiments performed at
Rowan University and the data from the FAA drop test of the Beechcraft 1900C. The
model contains approximately 13,500 elements, approximately 6,200 elements in the seat
model and 7,300 in the dummy model.
The process of collecting and manipulating data, the results of the drop tower tests,
and the results of the pulse test are described in detail; all tests were simulated using LSDYNA. The model was first validated against the results of three drop tests conducted in
the Rowan drop tower. Drop heights were 1-meter, 1.5-meters, and 2-meters. In these
tests, an instrumented crash test dummy was seated in the subject seat, hoisted to a
desired test height, and allowed to drop in free fall onto a hardened impact surface. The
dummy was instrumented with accelerometers on the head, chest, and pelvis. A load cell
was located in the lower lumbar section. The model was then validated against a full
fuselage drop test of a Beechcraft 1900C, conducted by the FAA. The model was shown
to be an excellent predictor of pelvic acceleration. Reasonable agreement was observed
between numerical simulation and experiment for all tested body regions; pelvic, chest,
and head body regions. With further refinement, the model will serve as a promising
computational tool for the future development of energy absorbing aircraft seats. In all
cases, the finite element model (drop tower test mode) and the drop tower tests produced
similar results, capturing the same curve behavior in multiple places. When compared to
the FAA result data, the finite element model (pulse test mode) produced similar results,
but the agreement was not as close as observed in the drop test simulations.
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4.2

Closing Statement

Finite element models are not a replacement for a real-world experiment, but are a
valuable tool to aid the experimentation process. Finite element models can provide an
inexpensive and reliable approximation to the outcome of a physical experiment. Finite
element models should be used to provide a starting point for expensive, lengthy, or
important experiments, such as full fuselage drop testing. Finite element analysis can be
very useful for providing an approximate answer for an experiment that is impossible or
unrealistic to conduct, such as, perhaps, a space shuttle collision or ballistics tests on
humans. However, finite element models may not be appropriate when inexpensive
experiments can provide the same answer.
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Appendix A: Part Drawings
Appendix A contains the following:

*

Solid, 3-view, hidden-line drawings of the six main parts, along with selected
dimensions and a hidden-line isometric view.

*

Shell, 3-view drawings of the six main parts (hidden-line drawings for the
four frame parts and rendered drawings for the peg and bolt), along with
selected dimensions and a rendered isometric view.

*

Mesh, 3-view drawings of the six main parts, along with selected dimensions
and a mesh isometric view.

*

Exploded, mesh, isometric view of the four frame parts showing finite
element model sub-components.

For more precise dimensions, refer to the reference CD.
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Appendix B: Design Techniques and Strategies
Appendix B contains the following:

*

Description of solid model drawing process, from section 2.3.

*

Description of LS-DYNA terminology and file organization.

*

A list of techniques used to reduce simulation run times.

B.1 3D Model

This section briefly describes the solid model design process.

B. 1.1

Seat-base

The seat-base was drawn in four major steps. The four main support members that
form the square were drawn using reference geometry and the basic extrusion command.
Two reference planes were set up to run parallel with the four intersections between each
member. Two more reference planes were set up to run parallel with the cross sections of
the members and to intersect each member roughly in the middle of its length. It was
necessary to make three extrusions, because SolidWorks 2000 does not allow disjoint
components of the same part. After the cross-section of each member was sketched, it
was extruded "up to surface" to the respective reference plane.
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The next step was to draw the mounting arms and the reinforcement plate attached to
the larger mounting arm. Both mounting arms were curved, so spline extrusions were
necessary. A reference plane was set up to run parallel with the would-be side-mounting
rail, at the correct distance from the edge of the part. Two separate 3D curves were run
from the reference plane to the respective location of the part. Two separate spline
extrusions were extruded along the 3D curves to form the mounting arms of the seatbase. Since the spline extrusion option cannot be complete "up to surface", it was
necessary to trim the excess by making a cut inside the two main support members to
which the mounting arms attach. The reinforcement plate was drawn by sketching the
small, exposed, outer surface of the plate (of the three exposed surfaces, two are large,
one is small) and then extruding it "up to surface" to the larger mounting arm.
There are four identical mounting brackets. Both pairs were drawn the same way. A
reference plane was set up to run parallel with the outer U-shaped (or C-shaped) surface.
The sketch was done on the reference plane and extruded "up to surface" to the seat-base.
Each mounting bracket has two holes; each pair of brackets has four holes, which were
cut at the same time. The other pair was created the same way.
There are two mounting brackets for the seat-back, which have been named the
"fins". The welds that connect the fins to the seat-base frame are not cut-and-dry like the
rest of the welds. The fins were first drawn using reference geometry and extrusions,
much like the rest of the model. The fins were drawn disconnected from the seat-base
frame by attaching them to the frame temporarily with an extrusion off the seat-base
frame. This temporary extrusion was later cut out. After the fins were completed, they
were attached to the seat-base frame using a series of extrusions to represent the welds.
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These extrusions had circular and square cross sections and were cut down, whenever
possible, to look more like the real-world seat-base. There are two short, tubular sections
welded to the seat-base frame under the fins. These sections are stops for the seat-back;
they limit the rotation of the seat-back in the set-up position.

B. 1.2

Seat-back

The seat-back was drawn in three major steps. The long U-shaped part of the seatback is actually three pieces welded together. There are two pieces that connect to the
seat-base. The top piece fits snugly into the two lower pieces. The top piece was drawn
first using a spline extrusion. A 3D curve was drawn, following the path of the upper
piece of the seat-back. The sketch was extruded along the entire length of this piece.
The two lower pieces of the seat-back were drawn the same way, both using spline
extrusions. Each 3D curve for the lower pieces overlapped the 3D curve for the upper
piece for a few inches to represent the overlap of the frame pieces. The inner diameter of
these sketches were decreased by one half of one-thousandth inch so the extrusion would
overlap the existing extrusion by the same amount and SolidWorks would not have any
tolerance problems.
There are two pins that the mounting bolts run through. They were each created by
setting up reference geometry and extruding the cylinder. The two center cuts were made
with one cut. There is a member that runs between the two lower pieces of the seat-back.
This piece was made by setting up a reference plane and extruding a sketch of the cross
section "up to surface" in both directions.
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B. 1.3 Leg-bar

The leg-bar was drawn in three major steps. The two main members that run from
the floor-mounting pegs up to the seat-base mounting brackets are different. They were
both drawn using spline extrusions. It was necessary to build a temporary "base" because
SolidWorks 2000 does not allow disjoint components of the same part. Both members
were drawn using a 3D curve followed by a sketch of the cross section extruded along the
curve. There are two pins that the mounting bolts run through. They were each created
by setting up reference geometry and extruding the cylinder. The two center cuts were
made with one cut.
The connecting bar that runs between the two main leg-bar members was drawn with
a basic extrusion. A reference plane was set up to run parallel to the cross section and
intersect the bar roughly in the middle of its length. A sketch of the cross section was
then extruded "up to surface" on both sides, one side to one main support member and
the other side to the other main support member.
The fin on the forward main support member was drawn by setting up a reference
plane on the top surface of the fin. A horizontal slice of the fin would reveal the cross
section used make a sketch. The sketch was then extruded the length of the fin.

B. 1.4

Stabilizer-bar

The stabilizer-bar was drawn in two major steps. In the first step, the elbow-curved
piece was drawn with a spline extrusion. A 3D curve was drawn to follow the length of
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the elbow-curve piece. A sketch of the cross section was extruded along the path of the
curve. The second step was to draw the straight piece with a basic extrusion. No
reference plane was required because plane 1 (one of SolidWorks's basic reference
geometries) could function as the sketch plane. The sketch of the cross section was
extruded "up to surface" to the elbow-curve piece.

B. 1.5

Bolts

Each bolt was drawn with the nut and both washers in the appropriate position. The
entire part was extruded radially by drawing half the cross section and extruding 360
degrees. The hex head of the bolt and the hex of the nut were added using separate cuts.

B. 1.6

Mounting Pegs

The pegs were drawn in two steps. First, the rigid part of the mounting peg was
drawn with a radial extrusion. Next, the sliding alignment cap was drawn as a separate
part in SolidWorks and later assembled into a sub-assembly of the whole frame. The cap
was radially extruded. The alignment notches on the rail side of the cap were cut out.
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B.2 LS-DYNA Terminology and File Organization

As described below, our approach is to develop the finite element model to be
compatible with LS-DYNA. It combined the HyperMesh mesh-model with boundary
conditions, initial conditions, contact interfaces, and constitutive properties.

B. 2.1 Keywords and Cards

LS-DYNA reads and compiles input from a single file and records output in at least
five different files. It can be set to output other types of files if specified in the input file.
All the commands that LS-DYNA recognizes are called keywords. A keyword is
represented by a preceding asterisk in the input file. The keyword "part", for instance,
would appear as "*part" in the input file. Each keyword has one or more cards associated
with it. The cards contain information that the keyword used to carry out a command.
The keywords can be thought of as functions and the cards can be thought of as the
parameters of the function. LS-DYNA holds up to eight values in one card (row). If a
keyword requires more than eight variables, it may require more than one card.

B. 2.2 Setup with HyperMesh

The LS-DYNA package comes with a pre-processor, Ingrid, and a post processor,
Post-GL. Ingrid is much less powerful and much harder to use then HyperMesh.
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HyperMesh is fully compatible with LS-DYNA and can effectively function as model
builder and a pre-processor.
There is an option in HyperMesh to declare a template file. The purpose of the
template file is to set the HyperMesh environment to be compatible with the respective
simulator. By setting the template file to "dyna.key", HyperMesh becomes completely
compatible with LS-DYNA.
HyperMesh can export LS-DYNA input files. To make use of this feature, the user
should click on the "file" menu, highlight the "export" tab, select "dyna.key" as the
template file, and select the appropriate LS-DYNA input file name. Although not
required, the user should add the extension ".dyn" to LS-DYNA input files for
organization.
HyperMesh will automatically include some information, like node data and element
data. Other information is usually included, like property collector data organized under
the *section keyword and material data included under the *material keyword. However,
this information will not be correct unless it is set up correctly in HyperMesh. Finally,
there are a number of keywords that will not be included unless specified. Many of the
*control family keywords fall into this category, like *control_termination and
*control_contact.

B.2.3

Simulation

Once a model has been completed in HyperMesh and a ".dyn" file has been created,
LS-DYNA can run a simulation. To run a simulation, open the LS-DYNA manager, go
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to run setup. If LS-DYNA fails to compile the ".dyn" file, the ".dyn" file most likely
contains errors and/or warnings. Any error result in an "error termination" message,
which means that LS-DYNA failed to compile the input file. It is possible for LS-DYNA
to compile and run a ".dyn" file that produces warnings without errors, but these
warnings should not be taken lightly. Most of the warnings are particularly serious and
very few simulations that contain warnings produce meaningful results, even if they
compile correctly. Since simulation times may be large, it is usually counter-productive
to ignore warnings.
As soon as LS-DYNA has compiled a ".dyn" file it begins the process of computing
the dynamic solution to the finite element model. In the last few lines before the time
output information there will be the estimated run time. This time is not always accurate.
If there is a spike in the PC processor usage from another program at the same instant that
LS-DYNA computes the estimated run time, the value of the run time will be much
higher than it should be. If the estimated run time is extraordinarily high, it may be
necessary to restart the simulation to obtain a more accurate estimate of run time.

B. 2.4

Post-processing

Post-GL is LS-DYNA's post processor. Post-GL is capable of reading LS-DYNA's
main output file ("3Dplot") and building a 4D (multiple time point, 3D plot) graph file or
video clip. During a simulation, LS-DYNA records the nodal positions, elemental
stresses, and deformation at preset time intervals. Post-GL reads this data and transforms
it into a set of graphs for each time interval. At any particular time interval, the user can
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view the elemental stresses, strains, displacements, and many other items of interest.
Post-GL color codes the graph with up to twenty-five different shades, each representing
a different range of values.
Post-GL can string all or some of the graph of a single type (e.g. stresses) together to
create a video clip of the simulation. It can show from beginning to end how the stresses
change in the model. Any single viewpoint can then be chosen to build a video clip from.
Post-GL can build ".avi" files by clicking on the ".avi" icon at the top left hand side of
the screen.
Post-processing is an invaluable part of modeling. After suitable output is obtained,
either in the form of a video clip, resultant values, and/or insight into the model, the next
step is to go back to the HyperMesh model and alter it to obtain an even better result. A
typical simulation result can be seen in Figure B-4-1.

Figure B-4-1. Typical Simulation Post-Processing
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B.3 Minimizing Simulation Run Times

Depending on the complexity of the model, the LS-DYNA simulations sometimes ran
as long as seven days. LS-DYNA run times can be greatly reduced using a number of
techniques listed below:

*

Almost all of the LS-DYNA default settings are designed for maximum speed.
The user should not change things like the time step scaling factor or the element
formulation unless absolutely necessary.

*

When using contact interfaces, it is a good idea to use contact component
reductions. If contact is to take place between a relatively small component and a
much larger component, the solver will need to check every element from each
component for penetration. If you only include elements that are likely to contact,
you can drastically decrease simulation time.

*

Before running a simulation, a number of checks should be performed to ensure
that the simulation has no orientation errors. Running a penetration check will
reveal any initial penetrations and help to eliminate errors due to initially moved
nodes.

*

A time step check is key to reducing simulation times. Each element has a
fundamental minimum time step associated with it. LS-DYNA determines the
element with the smallest fundamental time step and scales the value by the time
step scaling factor to find the final time step for each particular iteration. A time
step check can be run in the pre-processor stage to determine which elements will
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(initially) control the time step. Even a well-constructed model can contain
elements that reduce the overall time step by a factor of 2, 10, or even 100. If
these limiting elements are somehow eliminated or altered to increase the size of
their fundamental time steps, then the speed of the simulation can be increased
dramatically.
*

The fundamental time step, for each element, is a function of the modulus (E), the
density, the size and dimensions of the element. The time step can be increased
by reducing the modulus, increasing the density, increasing the size of the
element, or reducing the warpage and/or the aspect ratio of the element. A
technique called "mass scaling" is sometimes useful, where the density of the few
limiting elements is increased until these elements no longer limit the entire
simulation. Typically, these elements will be very small, so the additional mass is
negligible. Because this technique will introduce some amount of error, however,
some modelers try their best to avoid using mass scaling.

*

Wherever possible, rigid elements should replace deformable elements. Making
an element rigid eliminates more than 90% of the mathematical operations
required during a simulation. If many components can be assumed rigid, the
simulation time can be dramatically decreased.

*

Drop tests should be transformed into impact tests by using kinematics.
Replacing gravity and height by an initial velocity can reduce ultimate simulation
times by incredible amounts. The relatively long time it takes for the contact
entity to accelerate and make contact with the contact surface will account for the
major portion of the total simulation time, typically more than 90%.
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By making such changes it is possible to turn simulation hours into simulation
minutes. Optimizing a simulation can be very time consuming, however, in almost all
cases, the time spent during optimization will pay for itself after one or two simulations.
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Table C-l. Summary of Model Statistics

Model Statistics
Model Type
Element Types Used

|
I

Full Order

Reduced Order

mostly Fully
Integrated

1mostly BelytschkoI
Tsay

Type 1: Elastic
Type 24: Piecewise_Linear_Plasticity
Type 34: Fabric
0
5,875
.
19,516
32

Material Formulations Used
Belytschko-Tsay Shells
Fully Integrated Shells

Total Shells
0-D Spotwelds

19,516

973

5,907
375

Total Elements in Seat Model
Total Elements in Dummy Model

20,489
7,232

6,282
7,232

Total Elements in Complete Model
Simulation Time

27,721
50-70 ms

13,514
100 ms

Real Time

3-7 days

15 hours
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9

~Number
of

^

Elements

---

Timescales

I

i

Clock Minutes per Simulation ms

---.. -

-:--

-^ .,-^^--.,„._-

Table C-2. Summary of Material Properties

Material Properties
M.

Material

!IDensity
,
r(kg/m3)

Steel _
Fabric i

7860
1000

Material

MMaterial
Materi

Steel
Fabric

24
34

Poisson's Ratio
(dim)

Young's Modulus, E Yield Stress Failure Strain
j
(GPa)
(MPa)
(dim)

0.299
0.3

200
200
ModelType

Material Model Type
Piecewise Liear_Plasticity
Fabric
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290

0.23

-

i Primary Applied Elemental

Formulation

Belytschko-Tsay, Type 2
Fully Integrated, Type 16

References
1. Air Accidents Investigation Branch, "Report on the accident to Boeing 737-400 GOBME near Kegworth, Leicestershire on January 8, 1989", Department of Transport,
Aircraft Accident Report 4/90, HMSO, London (1990)
2. Carter, R., Wallace, W.A., Rowles, J.M., and Colton, C.L., "A major disaster - the
Ml plane crash - how it occurred", Management of Disasters and their Aftermath,
BMJ, London, pp. 10-28 (1994)
3. Smith, D., "The Kegworth aircrash: a crisis in three phases?", Disaster Management
4(2), 63-72 (1992)
4. Anderson, R.N., "National Vital Statistics Reports", Division of Vital Statistics,
Volume 50, Number 16 (2002)
5. Federal Highway Administration, "Highway Statistics 2001", U.S. Department of
Transportation (2001)
6. CFR, National Archives and Records Administration, Code of Federal Regulations,
Title 14: Aeronautics and Space, Chapter 1 (2003)
7. McGuire, R. and Vu, T., "Vertical Drop Test of a Beechcraft 1900C Airliner", U.S.
Department of Transportation, FAA Report No. DOT/FAA/AR-96/119 (May 1998)
8. Abramowitz, A., Ingraham, P. A., and McGuire, R., "Vertical Drop Test of a Shorts
3-30 Airplane", U.S. Department of Transportation, FAA, DOT/FAA/AR-99/87
(November 1999)

155

References

9. Abramowitz, A., Smith, T.G., Vu, T., Zvanya, J.R., "Vertical Drop Test of a NarrowBody Transport Fuselage Section with Overhead Stowage Bins", SAE Paper 200201-2995 (November 2002)
10. Chandler, R.F., "Human Injury Criteria Relative to Civil Aircraft Seat and Restraint
Systems", SAE Paper 851847 (1985)
11. McGuire, R.J., Nissley, W.J., and Newcomb, J.E., "Vertical Drop Test of a Metro III
Aircraft", U.S. Department of Transportation, FAA, Report No. DOT/FAA/CT-93/1
(June 1993)

156

